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ABSTRACT
OBSERVATION OF PULSED GAMMA RAYS 
WITH ENERGIES GREATER THAN 250 keV 
FROM THE CRAB NEBULA PULSAR NP 0532
by
LARRY E . ORWIG
D ata from  a b a l lo o n  f l i g h t  experim en t u s in g  an 
11 1 /2" d ia m e te r  x 4" th ic k  N al s c i n t i l l a t i o n  sp e c tro m e te r  
have been an a ly zed  to  se a rc h  f o r  gamma ray  p u ls a t io n s  from  
th e  p u ls a r  NP 0532, The f l i g h t  was conducted  on June 7 , 
1970, and th e  p ay load  was c a r r ie d  to  a  nom inal a tm o sp h eric
d ep th  o f  3 .5  g/cm  . The d e te c to r  was p o in tin g  in  th e
d i r e c t io n  o f  th e  Crab N ebula f o r  th e  e n t i r e  tim e a t  f l o a t  
a l t i t u d e .  A superposed  epoch a n a ly s is  was perform ed on a  
12,000 second p o r t io n  o f  th e  d a ta  spann ing  a t o t a l  tim e 
i n t e r v a l  o f  16,700 seconds a t  f l o a t  a l t i t u d e .  A p o s i t iv e  
p u lse d  c o n t r ib u t io n  was observed  a t  th e  ex p ec ted  ap p a re n t 
freq u en cy  o f  NP 0532 h av in g  th e  double p u lse  s t r u c tu r e
ty p ic a l  o f  NP 0532. The r e s u l t s  in d ic a te  a tim e-av e rag ed
-3  -2p u ls e d  photon  f lu x  o f  (1 .4 4  ±  0 .5 7 ) x 10 photons cm
se c "^  in  th e  en e rg y  i n t e r v a l  from  250 keV to  2 .3  MeV, T h is
r e p re s e n ts  a  tim e-av e rag e d  p u lse d  power o f  I  * (6 .4 9  + 2 .5 7 )
-4  -2 -1  -1x 10 keV cm sec  keV . The r a t i o  o f  in te r p u ls e  to  main
p u ls e  was found to  be 2 .4  + 1 .9 .  A f u r th e r  s u b d iv is io n  o f  
th e  energy  i n t e r v a l  was perform ed to  o b ta in  s p e c t r a l  i n f o r ­
m ation  above 250 keV. A lthough th e  d a ta  i s  s t a t i s t i c a l l y
x i
v e ry  m a rg in a l, th e  a n a ly s is  in d ic a te s  a p o s i t iv e  photon f lu x
from 250 keV to  725 keV o f  (1 .2 0  £  0 .52 ) x 10“ 3 pho tons 
-2  “ 1cm sec  o r a  tim e -av e rag e  p u lse d  power o f  (1 .1 4  £  0 .5 0 )
-3  -2 -1  -1x 10 keV cm sec  keV . Above 725 keV no p u lse d  c o n t r i ­
b u tio n  was found . T h e re fo re , u p p er l im i t s  a t  th e  95% 
co n fid en ce  le v e l  were o b ta in e d  f o r  two energy  b in s ,  one 
ex ten d in g  from  725 keV to  2 .3  MeV, and th e  second an i n t e ­
g r a l  ch an n e l above 2 .3  MeV. Mo ev idence  was found f o r  an 
enhancem ent in  th e  p u lse d  f lu x  a t  th e  0 .5  MeV a n n ih i la t io n  




1 .1  Gamma Ray Astronomy
U n ti l  th e  p a s t  h a l f  decade th e  f i e l d  o f  gamma ra y  
astronom y has been n o ted  f o r  i t s  p a u c i ty  o f  p o s i t iv e  ob­
s e r v a t io n s ,  b e in g  overshadow ed by i t s  companion f i e l d  o f  
X -ray  astronom y. By gamma ra y s  we mean h e re  pho tons o f  
energy  g r e a te r  th a n  100 keV (co rre sp o n d in g  to  a  freq u en cy  
o f  2 .42  x 1 0 ^  sec  ^ and a  w aveleng th  o f  0 .1 2 4  A ) ,  no m a tte r  
w hat t h e i r  o r ig in .  There has n ev e r been any q u e s tio n  a s  to  
th e  im portance o f  s tu d y in g  cosm ic gamma r a d i a t i o n .  These 
pho tons a re  th e  d i r e c t  p ro d u c t o f  fundam ental p ro c e s se s  
b a s ic  to  h ig h  en e rg y  a s tro p h y s ic s  and co sm ic -ray  p h y s ic s . 
Gamma ra y  m easurem ents can h e lp  answ er q u e s tio n s  abou t 
cosm ic r a y s ,  i n t e r s t e l l a r  m a t te r ,  g a l a c t i c  m agnetic f i e l d s ,  
s t a r s  and th e  ty p e s  o f  in t e r a c t i o n s  o c c u rr in g  in  th e  u n iv e r s e .  
A m easurement o f  th e  s p a t i a l  and en e rg y  d i s t r i b u t i o n  o f  gamma 
ra y s  can  g iv e  much in fo rm a tio n  abou t co sm ic -ray  so u rce s  and 
t h e i r  i n t e r a c t i o n  m echanism s. U n lik e  charged  cosm ic r a y s , 
gamma ray s  a re  u n a f fe c te d  by th e  cosm ic m agnetic f i e l d s  and 
hence t r a v e l  in  s t r a i g h t  l i n e s .  T h is  g r e a t ly  f a c i l i t a t e s  an 
i d e n t i f i c a t i o n  o f  t h e i r  o r ig in  in  tim e and sp a ce .
The d i f f i c u l t y  w ith  e a r th -b a s e d  measurement o f  such 
r a d ia t io n  r e s u l t s  from  th e  s tro n g  a t te n u a t io n  o f gamma ra y s  
in  th e  e a r t h 's  a tm o sp h ere . T h is  r e q u ir e s  t h a t  measurem ents 
be c a r r ie d  o u t from  in s tru m e n ts  on h ig h - a l t i tu d e  b a llo o n s  
and a r t i f i c i a l  s a t e l l i t e s .  I t  has on ly  been r e c e n t ly  t h a t
1
2d e te c to r s  have reach ed  th e  s e n s i t i v i t y  needed to  d e te c t  th e  
meager e x t r a t e r r e s t r i a l  f lu x e s  o f  gamma r a d i a t i o n .  I t  looks 
now a s  i f  we a r e  a t  th e  th re sh h o ld  o f  m ean ingfu l d i s c o v e r ie s ,  
and th e  n e x t decade sh o u ld  see  trem endous advances in  th e  
f i e l d  o f  gamma ra y  astronom y.
Only a  v e ry  few o b s e rv a tio n s  o f  e x t r a t e r r e s t r i a l  
gamma r a d ia t io n  p r e s e n t ly  e x i s t .  F or our own su n , p o s i t iv e  
m easurem ents o f  gamma ra y  b u r s ts  d u rin g  s o la r  f l a r e s  have 
been  made up to  e n e rg ie s  o f  ~ 500 keV. No q u ie t  tim e s o la r  
gamma r a d ia t io n  h as been seen  (LINGENFELTER, 1969). A lso , 
no m onoenergetic  l i n e  em iss io n  has been  observed  d u rin g  a 
s o la r  f l a r e .  These r e s u l t s  e x i s t  in  s p i t e  o f  t h e o r e t i c a l  
p r e d ic t io n s  o f  m easurab le  gamma ra y  f lu x e s  from  s o la r  f l a r e s  
LINGENFELTER and RAMATY, 1967; LINGENFELTER, 1969) w hich a re  
w ith in  th e  s e n s i t i v i t y  o f  p re s e n t  d e t e c to r s .  A second 
p o s i t iv e  r e s u l t  i s  th e  m easurem ent o f  an i n t e r s t e l l a r  f lu x  
o f  gamma r a y s ,  observed  i n i t i a l l y  by METZGER e t  a l .  (1964) 
w ith  d e te c to r s  aboard  th e  Ranger 3 and Ranger 5 s p a c e c r a f t .  
VETTE e t  a l .  (1969) have ex tended  th e s e  m easurem ents to  6 
MeV. These a u th o rs  a t t r i b u t e  th e  observed  f lu x  to  a d i f f u s e  
component o f  cosm ic gamma r a d i a t i o n .  No in fo rm a tio n  on th e  
is o t ro p y  o f  t h i s  ganma ra y  f lu x  i s  a v a i la b le  a s  y e t .
In  te rm s o f  p o in t  s o u rc e s , th e r e  a re  s e v e r a l  p o s i t iv e  
o b s e rv a t io n s . The f i r s t  h ig h  energy  o b s e rv a tio n  was th e  
measurem ent o f  a  l i n e  so u rce  c o n t r ib u t io n  from  th e  g a l a c t i c  
c e n te r  above 100 MeV seen  by CLARK e t  a l .  (1968) w ith  a  
d e te c to r  aboard  th e  0S0 3 s p a c e c r a f t .  The l i n e  so u rce  h as  
a l s o  been observed  by KNIFFEN and F1CHTEL (1 9 7 0 ). However, 
th e re  i s  s t i l l  some d isag reem en t w ith  t h i s  r e s u l t  as  one 
o th e r  group w ith  an e q u a lly  s e n s i t iv e  in s tru m e n t h as  f a i l e d  
to  d e te c t  such e m iss io n  (FRY e t  a l . ,  1969). FRYE e t  a l .  
(1969) have seen  ev id en ce  f o r  a  p o in t  so u rce  o f  h ig h  energy
3gamma ra y s  above 50 MeV in  th e  S a g i t t a r iu s  r e g io n ,  w hich 
th e y  have deno ted  a s  Sgr y - 1. R ecen tly  FRYE and co ­
w orkers have p re s e n te d  ev id en ce  f o r  two new p o in t  gamma ra y  
so u rce s  (E ^> 1 0 0  MeV) which l i e  n e a r  th e  g a l a c t i c  p lan e  
(FRYE e t  a l . ,  1971). These r e s u l t s  have n o t been  confirm ed 
a s  y e t .
The on ly  o th e r  known e x t r a t e r r e s t r i a l  so u rce  o f  gamma 
r a d i a t i o n ,  and th e  most in te n s e ,  i s  th e  Crab N ebula w hich 
h as  been observed  to  em it s te a d y  and p u lsed  r a d ia t io n  up to  
e n e rg ie s  o f  ~ 5 0 0  keV (HAYMES e t  a l . ,  1968). Because i t  i s  
such a  p r o l i f i c  e m i t te r  o f  r a d i a t i o n ,  th e  Crab N ebula has 
p ro b a b ly  become th e  most w id e ly  s tu d ie d  a s t ro p h y s ic a l  body.
A t th e  tim e  when d a ta  a n a ly s is  was begun on th e  p re s e n t  ex ­
p e rim e n t, ev id en ce  was g iv en  by HILLIER e t  a l .  (1970) f o r  
p u lse d  gamma ray s  from  th e  Crab p u ls a r  from 0 .6  to  9 MeV.
In  t h i s  th e s i s  I  s h a l l  p re s e n t  th e  r e s u l t s  o f  a  p o s i t iv e  
m easurem ent o f  th e  p u lsed  em issio n  from  th e  Crab Nebula in  
th e  gamma ra y  energy  re g io n  above 250 keV.
In  th e  rem ainder o f  t h i s  s e c t io n  we s h a l l  c o n s id e r  
th e  e x p e rim e n ta l and t h e o r e t i c a l  a s p e c ts  o f th e  p u ls a r  
phenomenon w ith  em phasis on th e  Crab N ebula and i t s  p u ls a r ,
NP 0532.
1 .2  The P u ls a r  Phenomenon
D uring  1967 o b s e rv a tio n s  o f  a  new ty p e  o f  r a d io  
e m it t in g  o b je c t  w ere made by a  group o f  r a d io  as tro n o m ers  
le d  by A nthony Hewish a t  th e  U n iv e r s i ty  o f Cam bridge,
E ngland . They d isc o v e red  a  p o in t - l i k e  so u rce  g iv in g  p e r io d ic  
b u r s t s  o f  r a d io  n o is e  w hich th e y  re p o r te d  in  F eb ru a ry , 1968 
(HEWISH e t  a l . ,  1968 ). T h is new o b je c t  was g iv e n  th e  name 
" p u ls a r " ,  because  o f  th e  p u ls in g  n a tu re  o f i t s  em iss io n .
4T h is  f i r s t  p u ls a r  was d e s ig n a te d  PSR 1919+21 (o r  CP 1919)
( th e  d i g i t s  g iv e  th e  p o s i t io n  o f  th e  so u rce  in  R ig h t A scen- 
s io n j  th u s  CP 1919 means Cambridge P u ls a r  a t  19^19m) , A lso  
a t  Cam bridge, PILKINGTON e t  a l .  (1968) found th r e e  p u ls a r s  
a t  s i t e s  where r a d io  in te r f e r e n c e  had e a r l i e r  been o b se rv ed . 
The Cambridge o b s e rv a tio n s  w ere q u ic k ly  v e r i f i e d  and many 
groups c o n tin u e d  th e  se a rc h  f o r  o th e r  such o b je c ts  w ith  
r a p id  s u c c e s s . At t h i s  tim e o v er 100 such p e r io d ic  r a d io  
so u rc e s  have been o b se rv ed , and th e  se a rc h  i s  s t i l l  c o n t in u ­
in g ,  a lth o u g h  a t  a much le s s  f r e n z ie d  p a c e .
E a r ly  s tu d ie s  in d ic a te d  th e  fo llo w in g  o b s e rv a t io n a l
f a c t s :
1 . The b u r s t  p e r io d s  appeared  ex trem e ly  c o n s ta n t ,
g
b e in g  s ta b le  to  1 p a r t  in  10 . However, l a t e r  m easurem ents 
showed t h a t  th e  p u ls a r  p e r io d s  were in c re a s in g  a t  a  v e ry  
slow  r a t e .
2 . P u l s e - r e p e t i t i o n  p e r io d s  o f  th e  f i r s t  fo u r  
p u ls a r s  d isc o v e re d  (PSR 1919+21, PSR 0834+06, PSR 0950+08 
and PSR 1133+16) ranged  from  0 .253  sec  to  1 .337 s e c .
3 . The am p litu d e  and p u ls e  f in e  s t r u c tu r e  w ere 
q u i te  com plex and v a r ie d  g r e a t ly  from  p u lse  to  p u ls e .  How­
e v e r ,  th e  envelope o b ta in e d  from an  av e rag e  over many 
p e r io d s  rem ained  v e ry  c o n s ta n t from  one o b s e rv a tio n  to  th e  
n e x t .
4 . P u ls a r s  ap p eared  to  be "on" ab o u t 37. o f  th e  tim e .
5 . R adio  d is p e r s io n  m easurem ents, w ith  an assumed
av e rag e  e l e c t r o n  d e n s i ty  o f i n t e r s t e l l a r  space  o f  0 .1  t o  .01
3 2e le c tro n /c m  , in d ic a te d  t h a t  th e  p u ls a r s  w ere p ro b ab ly  10
3
to  10 l i g h t  y ea rs  from  th e  e a r t h .  We w ere th u s  o b se rv in g  
r a th e r  lo c a l  r a d io  so u rce s  in  o u r own Q alax y . The a n g u la r  
d i s t r i b u t i o n  o f  th e s e  so u rce s  a l s o  in d ic a te d  a g a l a c t i c  
o r i g in .
56 . The so u rce s  co u ld  n o t be re s o lv e d  w ith in  th e
o n e -s e c o n d -o f-a rc  r e s o lu t io n  o f  th e  b e s t  r a d io  te le s c o p e s ,
w hich im p lied  t h a t  th e y  a re  q u i te  sm a ll o b je c t s .  The s h o r t
p u ls e  d u ra t io n s  o f  th e  observed  p u ls a r s  (20 to  40 ms) gave
an upper l im i t  to  th e  s iz e  o f  th e  r a d io  e m itt in g  o b je c t  o f  
3<-5 x 10 km, due to  th e  f a c t  t h a t  e le c tro m a g n e tic  in fo rm a­
t io n  can  t r a v e l  from  one p o in t  in  th e  so u rce  re g io n  to  
a n o th e r  on ly  a t  th e  speed  o f l i g h t  (~ 6 0 0 0  km in  20 m s).
7 . The r a d io  s ig n a ls  from  p u ls a r s  w ere found to  be 
h ig h ly  p o la r iz e d  (~90% ) and u s u a l ly  in  a p la n e .  T his 
p o la r iz a t i o n  c o u ld , how ever, be due to  p ro p a g a tio n  o r p a th  
e f f e c t s  in  th e  i n t e r s t e l l a r  medium, and i t  was n o t d e f in i t e  
from  th e  e a r ly  work w hether t h i s  was a  p aram ete r o f th e  
so u rce  i t s e l f .  Subsequent work has shown t h a t  p o la r iz a t io n  
i s  in d eed  a  so u rce  c h a r a c t e r i s t i c .
8 . The so u rc e s  were n o t v i s i b l e  o p t i c a l l y .
These o b s e rv a tio n a l  d e t a i l s  p ro v id ed  t h e o r i s t s  w ith  
a  r a th e r  r e s t r i c t e d  p ic tu r e  o f  p o s s ib le  p u ls a r  s o u rc e s . The 
sm a ll s iz e  o f  th e s e  so u rc e s  e l im in a te d  o rd in a ry  s t a r s  as 
c a n d id a te s .  F la r e s  o c c u rr in g  on o rd in a ry  s t a r s  co u ld  
acco u n t f o r  p u lse d  s ig n a l s ,  b u t n o t such  p r e c i s e ly  p e r io d ic  
o n e s , and an o rd in a ry  s u n lik e  s t a r  would be v i s i b l e  o p t i c ­
a l l y .  R o ta tin g  p la n e ts  w ere a l s o  e l im in a te d  a s  p o s s i b i l i t i e s ,  
w hich narrow ed down th e  p o s s ib le  c a n d id a te s  to  w h ite -d w arf
s t a r s  and n e u tro n  s t a r s .  W hite-dw arf s t a r s  a r e  w e ll  known
4 8 3h ig h  d e n s i ty  (10 -10 g/cm ) o b je c ts  w ith  d e g e n e ra te
e le c t ro n - g a s  i n t e r i o r s  and a re  o b serv ed  a s  end p ro d u c ts  in
s t e l l a r  e v o lu t io n ;  w h ile  n eu tro n  s t a r s  w ere sm a ll sup erd en se  
11 15 3(10 -10 g/cm ) t h e o r e t i c a l  o b je c ts  w ith  d e g e n e ra te
n u c le o n -^ a s  i n t e r i o r s  w hich w ere th o u g h t to  come in to  ex ­
is te n c e  a s  th e  r e s u l t  o f  supernova e x p lo s io n s .
6T here was a l s o  th e  q u e s tio n  o f  w hat ty p e  o f  m otion 
co u ld  produce th e  observed  p e r i o d i c i t i e s  -  v ib r a t i o n ,  
o r b i t a l  m o tio n , o r  r o t a t i o n .  O rb itin g  p la n e ts  were e l im i­
n a te d  i f  i t  i s  assumed t h a t  th e y  do n o t e x i s t  w ith o u t an 
o p t i c a l l y  v i s i b l e  p a re n t su n . P a i r s  o f  o r b i t in g  w h ite -  
dw arf s t a r s  were exc luded  because th e  minimum p e r io d  f o r  
such  a  model was 1 .7  sec (OSTRIKER 1971), and low er o b se r­
v a t io n a l  p e r io d s  a lre a d y  e x i s t e d .  F a i r s  o f o r b i t in g  n eu tro n  
s t a r s  would y ie ld  an in c re a s e  in  th e  r a t e  o f  p u ls a t io n  due 
to  th e  em iss io n  o f  g r a v i t a t i o n a l  r a d ia t io n  w hich must occur 
f o r  an a c c e le r a te d  body. T h is would g iv e  a  d e c re a se  in  th e  
p u ls a r  p e r io d ,  j u s t  o p p o s ite  to  th e  observed  p e r io d  in ­
c r e a s e s .  A v ib r a t i o n a l  ty p e  o f  mechanism was exc luded  f o r  
b o th  w h ite -d w a rfs  and n e u tro n  s t a r s . For w h ite -d w arfs  a 
p u ls a t io n  p e r io d  o f  0 .25  sec  o r  l e s s  i s  d i f f i c u l t  t o  o b ta in ,  
and th e  v i b r a t i o n a l  p e r io d  o f  a  s t a b le  n e u tro n  s t a r  i s  too  
sm a ll (OSTRIKER, 1971). By e l im in a t io n ,  a r o ta t i n g  o b je c t  
seemed to  be r e q u ir e d .  The l i s t  o f  p o s s ib le  c a n d id a te s  had 
th e r e f o r e  been narrow ed down to  two s u s p e c ts ,  a  r o ta t i n g  
w h ite -d w a rf  o r  a  r o t a t i n g  n e u tro n  s t a r .
Theory p r e d ic t s  a  minimum r o ta t i o n  p e r io d  > 0 . 2 5  
sec  fo r  a  w h ite -d w arf  (ZELDOVICH and NOVIKOV, 1971). A 
r o ta t i n g  n e u tro n  s t a r ,  b e in g  100 tim es sm a lle r  in  s iz e  and 
h av in g  a  much h ig h e r  d e n s i ty  th a n  a  w h ite -d w a rf , co u ld  
m a in ta in  s t a b le  r o t a t i o n  a t  much h ig h e r  f r e q u e n c ie s .  Hence, 
th e  p e r io d  v a lu e  o f  abou t one second seemed to  be a boundary 
f o r  choosing  betw een a  w h ite -d w a rf  o r  n e u tro n  s t a r  m odel.
An o b se rv a tio n  o f  p e r io d  v a lu e s  much le s s  th a n  t h i s  would 
s t r o n g ly  fa v o r  th e  n e u tro n  s t a r  h y p o th e s is  w h ile  a lm ost 
e l im in a t in g  th e  w h ite -d w a rf  m odel.
7The o b se rv a tio n  w hich c lin c h e d  th e  d e c is io n  in  fav o r 
o f  a  n e u t r o n - s ta r  h y p o th e s is  was made by D. H. S ta e l in  and 
E . C. R e if e n s te in  I I I  a t  th e  N a tio n a l R adio Astronomy 
O b se rv a to ry . In  November, 1968, th e y  announced th e  d i s ­
co v ery  o f  two p u ls a t in g  r a d io  so u rce s  in  th e  v i c i n i t y  o f  
th e  Crab N ebula (STAELIN AND RIEFENSTEIN, 1968). S h o r tly  
t h e r e a f t e r ,  th e  group a t  th e  A recibo  Radio O b serv a to ry  
re v e a le d  p e r io d i c i t y  in  one o f th e s e  so u rc e s  and i d e n t i f i e d  
th e  so u rce  as a p u ls a r  (NP 0532) in  th e  c e n te r  o f  th e  Crab 
N ebula (COMELLA e t  a l . ,  196 9 ). I t s  33 ms p e r io d  has tu rn e d  
o u t to  be th e  s h o r t e s t  p e r io d  found to  d a te  and i s  much le s s  
th a n  t h a t  a llow ed  by a w h ite -d w a rf  m odel. T h is was n o t th e  
o n ly  ev id en ce  a g a in s t  a w h ite -d w arf  m odel. A stu d y  o f  in ­
d iv id u a l  p u lse  shapes o f  s e v e ra l  p u ls a r s  by th e  A recibo  
group uncovered  v e ry  f a s t  p u ls in g  e v e n ts ,  c a l l e d  m arching 
s u b p u ls e s , whose m arching speed o f  10 ms o r  le s s  co u ld  n o t 
be e x p la in e d  in  a  r o ta t i n g  w h ite -d w arf  m odel. A d d itio n a l 
ev id en ce  fa v o r in g  a  n eu tro n  s t a r  h y p o th e s is  came from  th e  
f a c t  t h a t  th e  Crab N ebula i s  th e  rem nant o f  an observed  
supernova e x p lo s io n , j u s t  th e  p ro p e r  e v e n t needed f o r  th e  
fo rm a tio n  o f  a  n e u tro n  s t a r .  S ince  t h i s  o b s e rv a t io n , one 
o th e r  f a s t  r a d io  p u ls a r  has been found w hich i s  d i r e c t l y  
a s s o c ia te d  w ith  th e  rem nant o f  a su p ern o v a . T h is i s  th e  89 
ms p e r io d  p u ls a r  CP 0833 in  th e  V ela  supernova rem nant.
A t th e  p re s e n t  tim e th e  observed  p u ls a r  p e r io d s  
ran g e  from  a  low o f  33 ms f o r  th e  Crab p u ls a r  NP 0532 to  
3 .75  sec  f o r  NP 0527, w ith  th e  m a jo r i ty  o f  p e r io d s  b e in g  
around 1 s e c .  Most p u ls a r s  have been  observed  to  be slow ­
in g  down a t  v a r io u s  r a t e s ,  w ith  th e  two s h o r te s t  p e r io d  
p u l s a r s ,  NP 0532 and CP 0833, h av ing  th e  l a r g e s t  slowdown 
r a t e s .  I n d ic a t io n s  a re  t h a t  sm a ll p u ls a r  p e r io d s  go w ith  
la rg e  slowdown r a t e s  and t h a t  b o th  c o n d itio n s  im ply young
8c e l e s t i a l  o b je c ts .  On s e v e ra l  o cc as io n s  th e  p e r io d  r a t e - o f -  
change o f a  p u ls a r  h as  been observed  to  change s ig n .  The 
f i r s t  o b s e rv a tio n  o f t h i s  speedup was in  th e  V ela p u ls a r  
PSR 0833 (REICHLEY and DOWNS, 1969).
A f i n a l  comment co n cern s th e  lu m in o s ity  o f such ob­
j e c t s .  Assuming a g a l a c t i c  o r ig in  f o r  th e s e  so u rc e s , th e
-4tim e-av e rag ed  ra d io  lu m in o s i t ie s  o f  10 L0  a re  t y p ic a l  fo r  
p u l s a r s .  T h is  i s  n o t an o u ts ta n d in g ly  b r ig h t  o b je c t .  How­
e v e r ,  d u rin g  th e  p u lse s  th e  peak lu m in o s ity  becomes much 
l a r g e r ,  making such p u ls e s  some o f  th e  most pow erfu l s ig n a ls  
in  th e  r a d io  sk y .
In  th e  n e x t s e c t io n  we s h a l l  d is c u s s  th e  Crab 
N ebula (and p u ls a r  NP 053 2 ), w h ich , because o f  i t s  un ique  
p r o p e r t ie s  has been s tu d ie d  in  g r e a t  d e t a i l  s in c e  i t s  d i s ­
co v e ry . F o llow ing  t h a t  d is c u s s io n ,  two o f  th e  most p rom ising  
th e o r ie s  deve loped  to  e x p la in  th e  p u ls a r  o b s e rv a tio n s  a re  
p re s e n te d .
1 .3  The Crab Nebula and P u ls a r  NP 0532
The Crab N ebula i s  th e  huge gaseous rem nant o f  a 
supernova e x p lo s io n  observed  to  o ccu r in  th e  y ea r 1054 A. D. 
by C hinese A stronom ers. The e a r l y  supernova rem nant was 
v i s i b l e  as  a r e d d is h -w h ite  o b je c t  f o r  23 days and 635 n ig h ts ,  
and i t s  b r i l l i a n c e  exceeded  th e  b r ig h te s t  s t a r l i k e  o b je c ts  
in  th e  n ig h tt im e  sky , th e  p la n e ts  Venus and J u p i t e r .  The 
i n i t i a l  lu m in o s ity  r a p id ly  d e c re a se d  and was re p la c e d  by th e  
much low er lu m in o s ity  o f  th e  lo n g - l iv e d  expanding rem nan t. 
T h is  rem nant, w hich i s  now over 900 y ea rs  o ld ,  i s  ro u g h ly  
10 l ig h t - y e a r s  in  d ia m e te r  and i s  s t i l l  expanding a t  th e  
r a t e  o f  ~ 1300 km /sec. The Crab Nebula i t s e l f  has been 
known to  em it r a d ia t io n  o ver a  la rg e  freq u en cy  spectrum  —
9r a d io ,  i n f r a r e d ,  o p t i c a l ,  and X -ray . The energy  o u tp u t o f
31 38th e  t o t a l  n eb u la  was m easured to  be ro u g h ly  10 w a tts  (10 
e r g s / s e c ) ,  b u t th e  so u rce  o f  t h i s  energy  o u tp u t was unknown.
The d isc o v e ry  o f  th e  r a d io  p u ls a r  NP 0532 in  th e  
v i c i n i t y  o f  th e  Crab N ebula b ro u g h t renewed i n t e r e s t  in  t h i s  
c e l e s t i a l  o b je c t .  S h o r t ly  t h e r e a f t e r  o p t i c a l  p u ls a t io n s  
w ere d isc o v e re d  w ith  th e  same p e r io d  and from th e  same 
lo c a t io n  by COCKE e t  a l .  (1 9 6 9 ). T his f i r s t  o p t i c a l  o b s e r ­
v a t io n  was q u ic k ly  v e r i f i e d  by NATHER e t  a l .  (1969) and by 
numerous e x p e rim en te rs  s in c e  th e n ,  p erhaps th e  most s t r i k in g  
b e in g  th e  p h o to g rap h ic  o b s e rv a tio n s  o f MILLER and WAMPLER 
(1 9 6 9 ). These o b se rv a tio n s  p in p o in te d  th e  r a d io  and o p t i c a l  
p u ls a r  w ith  th e  lo c a t io n  o f  th e  so u th -p re c e d in g  s t a r  o f th e  
c e n t r a l  double s t a r  in  th e  Crab N ebula. On March 13, 1969 
th e  ro c k e t astronom y group a t  th e  N aval R esearch  L ab o ra to ry  
le d  by H erb e rt F riedm an, d e te c te d  s o f t  X -ray  p u ls a t io n s  (0 .5 -  
10 keV) from  th e  Crab N ebula (FRITZ e t  a l . ,  1969 ). The 
p e r io d  o f  th e s e  p u ls a t io n s  m atched th e  r a d io  and o p t ic a l  
p e r io d .  M easurements by a la rg e  number o f  g roups have co n ­
firm ed  t h i s  r e s u l t  and have ex ten d ed  th e  s p e c t r a l  ob serv a­
t io n s  a l l  th e  way to  th e  gamma ra y  energy  r e g io n .
The Crab p u ls a r  NP 0532 i s  u n iq u e  in  s e v e ra l  a s p e c ts :
1 . I t  h as  th e  s h o r t e s t  p e r io d  o f  any known p u ls a r  
and a l s o  th e  l a r g e s t  slowdown r a t e  (P at 3 3 .1  ms, d p /d t  ae 36 .5  
n s e c /d a y ) .
2 . I t  i s  th e  o n ly  p u ls a r  w hich has been observed  to  
em it r a d ia t io n  o u ts id e  th e  r a d io  band ( i t  i s  th e  o n ly  o p t i c a l ,  
X -ray , and gamma ra y  p u l s a r ) .
3 . I t  i s  one o f  two p u ls a r s  w hich have been id e n t ­
i f i e d  w ith  supernova rem n an ts .
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F ig u re  1-1 shows a com parison o f s e le c te d  m easure­
m ents o f  th e  Crab p u ls a r  " l i g h t  c u rv e s"  in  th e  r a d io ,  o p t i c a l ,  
and X -ray en e rg y  r e g io n s .  The cu rv es in d ic a te  a  s im i la r  
doub le  p u lse  s t r u c tu r e  in  a l l  energy  r e g io n s .  However, as  
th e  freq u en cy  o f  th e  p u lse d  r a d ia t io n  I n c re a s e s ,  th e  i n t e r ­
p u ls e  peak becomes more in te n s e  r e l a t i v e  to  th e  main p eak .
The in te r p u l s e  peak t o t a l  i n t e n s i t y  ro u g h ly  e q u a ls  t h a t  o f  
th e  main peak  in  th e  o p t i c a l  band , and th e  r a t i o  o f  i n t e r ­
p u ls e  peak  i n t e n s i t y  t o  main peak i n t e n s i t y  c o n tin u e s  to  
in c re a s e  th ro u g h o u t th e  X -ray  r e g io n . The s e p a ra t io n  betw een 
th e  main and in te r p u l s e  peaks ap p ears  to  d e c re a se  s l i g h t l y  
from  a  v a lu e  o f ~ 14 .5  ms in  th e  r a d io  (COMELLA e t  a l . ,  1969) 
t o  ~  13 .0  ms in  th e  s o f t  and h a rd  X -ray  re g io n s  ( f o r  exam ple, 
RAPPAPORT e t  a l . ,  197 1 ). These p a ram ete rs  a re  l i s t e d  in  
T ab le  1 -1 , a lo n g  w ith  o th e r  observed  c h a r a c t e r i s t i c s  o f  NP 
0532.
A second f e a tu r e  to  n o t ic e  from  F ig u re  1 -1  i s  th a t  
in  th e  ra d io  and o p t i c a l  bands th e re  i s  no p u lse d  c o n tr ib u ­
t io n  in  th e  re g io n  betw een th e  p eak s . In  th e  s o f t  and h a rd  
X -ray  band a n o n -s tead y -C rab  component does ap p ea r in  t h i s  
r e g io n .  The r e s u l t s  o f  KURFESS (1971) in d ic a te  t h a t  t h i s  
in te rp e a k  em iss io n  in c re a s e s  s i g n i f i c a n t l y  above 100 keV 
w here i t  becomes a v e ry  a p p re c ia b le  p e rc e n ta g e  o f  th e  t o t a l  
p u lse d  f lu x .  A p re l im in a ry  p u b l ic a t io n  on th e  p re s e n t  work 
(0RW1G e t  a l . ,  1971) showed no ev id en ce  f o r  t h i s  in te rp e a k  
c o n t r ib u t io n .  I n d ic a t io n s  t h a t  a  more complex p u ls e  s t r u c ­
tu r e  may e x i s t  in  th e  X -ray  re g io n  have n o t been c l a r i f i e d  
a s  y e t .
From T ab le  1 -1  we see  t h a t  th e  p e rc e n ta g e  o f  p u lse d  
to  t o t a l  Crab em iss io n  ap p ears  to  be c o n t in u a l ly  in c re a s in g  
w ith  en e rg y  f o r  e n e rg ie s  above ~  10 keV. At 10 keV th e r e
11
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F ig u re  1 -1 . S e le c te d  p u ls a r  " l ig h t  cu rv e"  m easurem ents fo r  
NP 0532. The main peaks have been a r b i t r a r i l y  
a l ig n e d  w ith  each  o th e r  to  p ro v id e  a  r e fe re n c e  
f o r  tim e com parisons
TABLE 1-1 
CHARACTERISTICS OF NP 0552
MAIN-INTERPULSE INTERPULSE INTENSITY/
REFERENCE SPECTRAL REGION SEPARATION (m s) Z PULSED MAIN PULSE INI
COMEUA e i  (1969) R a d io  -  1% MHz 14.50 ------------ ---------------
MARNER EX AL. (1969) OPTICAL-ttHlTE LIGHT 13.55 0 .5 9
PAPALIOLIOS e i  al. (1970) Optical-white light 13.38+0.03 -------- — ------------
FRITZ EI AL. (1969 a .  b ) 0 .5  -  1 keV 
6 .0  -  9 keV
1 .5+ 0.5  
10.0+2.0
1.02+0.10
RAPPAPORT e i  a l .  (1971) 1 .5  * I O keV 1 3 .2 + 0 .3 9 .0+0.5 1.10+0.06
DUCROS e i  a l .  (1970) 20 keV 13.1  +0.5 16.70
FLOYD e i  AL. (1969) 2 5 .0  -  100 keV 14 .0  +1.0 15.0+5.0 1 .7
BRINI e i  AL. (1971) 2 0 .0  -  200 keV 13 .0  +0.3 23.0+3.0
SNATHERS e i  AL. (1971) 30.0  -  100 keV 12.7  +0.4 20.0+4.0 2.05+0.30
HILLIER EI AL. (1970) 0 .6  -  9 MeV 15.0  +2.0 3 .2  +1.6
ORHIG e i  a l .  (1971)* 0 .2 5  -  2 .3  MeV 13 .0  +2.0 ------------- 2 .4  +1.9
HURFESS (1971) 100.0  -  900 keV 13.2  + 0 ,5 31.0+8.0 2 .3  +0.2
PRESENT EXPERIMENT 250.0  -  725 keV 1 3 .0  + 2.0 15.0+7.0 1.36+1.10
*  Earlier  publication of preliminary results of present experiment.
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seems to  be a  b reak  In  th e  p u lse d  f r a c t io n  spectrum  (as  can  
be seen  in  F ig u re  1 - 2 ) ,  in d ic a t in g  a  r a p id  d e c re a se  in  
p u ls a r  f lu x  r e l a t i v e  to  th e  s te a d y  Crab below 10 keV (FRITZ 
e t  a l . ,  1971). T here a l s o  ap p ea rs  to  be a  b road  peak  in  th e  
o p t i c a l  re g io n  o f  th e  p u lse d  r a d i a t i o n .  These f e a tu r e s  a r e  
shown in  F ig u re  1-2 where th e  s te a d y  and p u lsed  Crab 
em iss io n s  a re  p lo t t e d  v e rs u s  en e rg y . The graph i s  ad ap ted  
from  t h a t  o f WOLTJER (1970) w ith  c e r t a i n  re c e n t  m easurem ents 
added . A more d e t a i l e d  p lo t  o f th e  p r e s e n t  s p e c t r a l  m easure­
ments o f  NF 0532 in  th e  X -ray  and gamma ra y  en e rg y  re g io n s  
i s  shown in  F ig u re  V -8. I t  i s  a l s o  in t e r e s t i n g  t h a t  no 
l in e  em iss io n s  have been seen  in  any o f  th e  en e rg y  re g io n s  
m easured to  d a te .  T h is  f a c t  p la c e s  a r e s t r i c t i o n  on th e  
em issio n  mechanisms o p e ra t in g  in  th e  so u rce  r e g io n s .
The p u lse d  r a d io  and o p t i c a l  r a d ia t io n  o f  NF 0532 i s  
observed  to  be h ig h ly  p o la r iz e d  (GRAHAM e t  a l . , 1970; WAMPLER 
e t  a l . ,  1969), w ith  th e  o p t i c a l  em iss io n  being  l i n e a r ly  
p o la r iz e d  w ith  a  p o la r iz a t i o n  v a lu e  o f 15-20%. The p lan e  o f  
p o la r iz a t i o n  i s  d i f f e r e n t  f o r  d i f f e r e n t  phase p o in ts  in  th e  
main and in te r p u l s e  p e a k s . No p o s i t iv e  X -ray p o la r iz a t i o n  
m easurem ents e x i s t  f o r  NP 0532. A lso , th e  s te a d y  r a d ia t io n  
from  th e  Crab N ebula i t s e l f  i s  observed  to  be p o la r iz e d  in  
th e  r a d io ,  o p t i c a l ,  and X -ray energy  b an d s .
1 .4  N eutron  S ta r s  and P u ls a r  Models
H aving covered  th e  w e a lth  o f  e x p e rim e n ta l o b se rv a ­
t io n s  on th e  Crab N ebula p u ls a r  NP 0532, we now c o n s id e r  
some a t te m p ts  a t  t h e o r e t i c a l  e x p la n a tio n s  fo r  th e s e  phenomena 
and f o r  p u ls a r s  in  g e n e ra l .
F ig u re  I
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£. Com parison o f  em iss io n  m easurem ents o f  Crab N ebula and NP 0532. 
The g raph  i s  a d a p te d  from  WOLTJER (1970) w ith  th e  a d d i t io n  o f  th e  
r e c e n t  p u ls a r  m easurem ents o f  KURFESS (1 9 7 1 ). O p tic a l  d a ta  i s  
c o r r e c te d  f o r  1?5 i n t e r s t e l l a r  a b s o rp t io n  in  th e  v i s i b l e .  P 
d e n o te s  p u lse d  em iss io n  m easurem ents o f  NP 0532.
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The a s t ro p h y s ic a l  body which many ag ree  to  be th e  
cau se  o f th e  p u ls a r  phenomenon Is  th e  r o t a t i n g  n e u tro n  s t a r .  
I t  was n o te d  as e a r ly  as  th e  1930f s by BAADE and ZWICKY 
(1934) and OPPENHEIMER and VOLKOFF (1939) th a t  such  bod ies 
co u ld  e x i s t  and be s ta b le  a g a in s t  g r a v i t a t i o n a l  a t t r a c t i o n  
I f  th e y  c o n ta in e d  ro u g h ly  one s o la r  m ass. T h e ir  e x is te n c e  
was on ly  p o s tu la te d ,  how ever, u n t i l  th e  d isc o v e ry  o f  p u l s a r s .  
E x te n s iv e  c a lc u la t io n s  o f  t h e i r  p r o p e r t ie s  and th e  a s s o c ia ­
t i o n  o f  t h e i r  b i r t h  w ith  supernova e v e n ts ,  were made by 
WHEELER (1 9 6 6 ), COLGATE and WHITE (1966) and A. G. W.
CAMERON. An e x c e l le n t  s tu d y  o f  t h e i r  p r o p e r t ie s  I s  found 
in  ZELDOVICH and NOVIKOV (1 9 7 1 ).
A d e s c r ip t io n  o f th e  p ro c e s se s  le a d in g  to  n eu tro n  
s t a r  fo rm a tio n  i s  complex and r e l i e s  h e a v i ly  on g e n e ra l 
r e l a t i v i t y .  Only a  sim p le  q u a l i t a t i v e  p ic tu r e  i s  g iv en  h e r e .  
B a s ic a l ly ,  a n e u tro n  s t a r  can  be formed when a c o n v e n tio n a l 
m assive s t a r  ( th e  mass o f  w h ich , how ever, can n o t be much 
g r e a t e r  th a n  1 .5  o r  2 s o la r  m asses) b e g in s  to  e x h a u s t th e  
n u c le a r  f u e ls  in  i t s  i n t e r i o r .  The o u te r  p a r t s  o f  th e  s t a r  
b eg in  to  c o l la p s e  r a p id ly  u n d er th e  s tro n g  g r a v i t a t i o n a l  
f o r c e s .  T h is  c o l la p s e  cau ses  a  trem endous p re s s u re  on th e  
s t e l l a r  i n t e r i o r  w hich s t r i p s  th e  e le c t r o n s  from  th e  atoms 
in  th e  s t a r ' s  c o r e .  Under th e  g r e a t  p r e s s u re  o f  c o n t r a c t io n ,  
t h i s  c lo u d  o f  F e rm i-e le c tro n s  can  combine w ith  p ro to n s  in  
th e  s t a r ' s  c o re  by th e  in v e rs e  b e ta -d e c a y  p ro c e ss  and form  
n e u tro n s .  At t h i s  p o in t  th e  s t a r  b eg in s  to  im plode c a ta s ­
t r o p h i c a l l y .  The c o l la p s e  c o n tin u e s  u n t i l  n e a r ly  a l l  th e  
e le c t r o n s  and p ro to n s  have formed n e u tro n s  ( th e r e  s t i l l  r e ­
m ains a  sm a ll number o f  p ro to n s  and o th e r  n u c le a r  p a r t i c l e s ) ,  
w hich  become so c lo s e ly  packed th a t  th e  n u c le a r  r e p u ls iv e  
fo rc e s  b eg in  to  b a lan ce  th e  g r a v i t a t i o n a l  c o l la p s e  o f  th e  
c o re  and b r in g  th e  c o l la p s e  to  a  h a l t .
16
At t h i s  p o in t  th e  energy  o f  c o l la p s e  i s  b e l ie v e d  to  
be co n v e rted  in to  a  huge shock wave w hich p ro p a g a te s  ou tw ard , 
c o n v e r t in g  th e  k in e t i c  en e rg y  o f  c o l la p s e  in to  h e a t .  T h is  
h e a t in g  r a i s e s  th e  te m p e ra tu re  o f  th e  s t e l l a r  s u r fa c e  re g io n s  
to  a s  h ig h  a s  10 °K, i n i t i a t i n g  a  new phase o f n u c le a r  b u rn ­
in g  in  th e  s t a r ' s  en v e lo p e  w hich in  tu rn  g e n e ra te s  more h e a t .  
F i n a l l y ,  a  th e rm a l shock wave form s and exp lodes th e  s t a r ' s  
o u te r  s h e l l  away from  th e  co re  a t  r e l a t i v i s t i c  speeds ( th e  
supernova e x p lo s io n ) . The la rg e  therm al, en e rg y  i s  co n v e rte d  
in to  in te n s e  r a d i a t i o n ,  w hich we see  in  th e  o p t i c a l  band a s  
th e  supernova e x p lo s io n .
The remaining s t a r  c o re  c a n , u n d er r a th e r  r e s t r i c t e d  
t h e o r e t i c a l  c o n d i t io n s ,  become a  s t a b le  n e u tro n  s t a r .  Such 
s t a r s  a r e  ex p ec ted  to  be v e ry  sm a ll ( ~ 1 0  km in  r a d iu s ) ,
c o n ta in  ap p ro x im a te ly  1 s o la r  m ass, r o t a t e  r a p id ly ,  and con-
12t a i n  s u r fa c e  m agnetic  f i e l d s  o f  th e  o rd e r  o f  10 g a u s s . 
M agnetic f i e l d s  o f  t h i s  m agnitude can be c r e a te d  when th e  
p a re n t  s t a r  (h av in g  a t y p ic a l  s u r fa c e  f i e l d  o f  ** 100 g au ss) 
c o l la p s e s  such t h a t  th e  f i e l d  l in e s  become f r o z e n - in .  Thus,
g
a  s t a r  o f r a d iu s  10 km can  ev o lv e  in to  a  n e u tro n  s t a r  o f
12r a d iu s  10 km and av e rag e  s u r fa c e  m agnetic f i e l d  B = 1 0s
g au ss  (OSTRIKER and GUNN, 1969).
The p a re n t  s t a r s  o f  n e u tro n  s t a r s  (and  p u ls a r s )  a re  
th o u g h t to  be m assive b r ig h t  b lu e  s t a r s ,  s in c e  b o th  th e s e  
ty p e s  o f  s t a r s  and p u ls a r s  ap p ea r to  have th e  same d i s t r i b u ­
t i o n  in  th e  g a l a c t i c  p la n e  (OSTRIKER, 1971). Such m assive
5
s t a r s  a r e  known to  r o t a t e  r a p id ly  w ith  ty p i c a l  p e r io d s  % 10
s e c .  I f  a n g u la r  momentum i s  co n serv ed  in  th e  c o l la p s e ,  and
a llo w in g  f o r  a n g u la r  momentum lo s s e s  due to  g r a v i t a t i o n a l
r a d i a t i o n ,  th e  r e s u l t i n g  n e u tro n  s t a r  w i l l  r o t a t e  w ith  a  
_2p e r io d  o f  io  s e c .
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On th e  assum ption  t h a t  r o ta t i n g  n eu tro n  s t a r s  a r e  
th e  cau se  o f  th e  p u ls a r  phenomenon, s e v e ra l  p r e d ic t io n s  can 
be made (GOLD, 1969) w hich a re  ind ep en d en t o f  th e  s p e c i f i c  
mechanism f o r  th e  p u lse d  r a d ia t io n .
1 . P u lse  le n g th  and p e r io d  shou ld  show a p o s i t iv e  
c o r r e l a t i o n .
2 . S h o rt p e r io d s  w i l l  be a s s o c ia te d  w ith  young 
n e u tro n  s t a r s .
3 . Supernova s i t e s  a re  l i k e l y  p o s i t io n s  f o r  p u l s a r s .
4 .  P u ls a r s  sh o u ld  be slow ing  down due to  lo s s  of 
r o t a t i o n a l  energy  o f th e  n eu tro n  s t a r .
P o s i t iv e  ev id en ce  o f  a l l  th e  above c o n d it io n s  has been  ob­
ta in e d  from  p u ls a r  o b s e rv a t io n s .
Having e s ta b l i s h e d  th e  l ik e l ih o o d  t h a t  a  r o ta t i n g  
n e u tro n  s t a r  i s  th e  s e a t  o f  th e  p u ls a r  phenomenon, t h e o r i s t s  
w ere q u ic k  to  o r ig in a t e  a  number o f  models w hich would ex­
p la in  th e  o b s e rv a tio n s .  One such  model was p u t f o r th  by 
Thomas Gold s h o r t ly  a f t e r  th e  d isc o v e ry  o f  th e  f i r s t  p u ls a r s  
(GOLD, 1968 and 1969). The h e a r t  o f  th e  Gold model i s  th e
r a p id ly  sp in n in g  n e u tro n  s t a r  w ith  a  s tro n g  s u r fa c e  m agnetic 
12f i e l d  ( ^ l o  g a u ss)  and a  c o - r o ta t in g  m agnetosphere . The
f i e l d  i s  assumed to  be a x i a l l y  sym m etric . At some d is ta n c e
from  th e  s t a r  th e  c o - r o ta t i o n  o f th e  m agnetosphere w i l l
c e a se  to  e x i s t .  I t  i s  ex p ec te d  t h a t  t h i s  c o - r o ta t i o n  can  be
su p p o rted  o u t t o  a  d is ta n c e  a t  w hich th e  ta n g e n t i a l  speed  o f
th e  m agnetosphere would be c lo s e  to  th e  speed  o f  l i g h t ,
r Q * c / 'm. T h is s u r fa c e  i s  r e f e r r e d  to  a s  th e  " v e lo c i ty  o f
l i g h t  c y l in d e r " .  At t h i s  c i r c l e  th e  m agnetic  f i e l d  s t r e n g th
3 4would be on th e  o rd e r  o f  10 -  10 g a u s s . P lasm a e je c te d
from  c e r t a i n  s e c to r s  o f  th e  s u r fa c e  o f  th e  s t a r  from  f l a r i n g  
ty p e  p ro c e s se s  w i l l  be c o n s tra in e d  to  s p i r a l  outw ard around 
th e  c o - r o ta t in g  m agnetic f i e l d  l in e s  and w i l l  be a c c e le r a te d
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to  r e l a t i v i s t i c  sp e e d s . At a  p o in t  n e a r  th e  v e lo c i ty  o f 
l i g h t  c y l in d e r  t h i s  r e l a t i v i s t i c  p lasm a w i l l  em it r a d i a t i o n .  
T h is  r a d ia t io n  I s  s t r o n g ly  peaked In  th e  ta n g e n t i a l  d i r e c ­
t i o n ,  and would a c t  l i k e  a  s e a r c h - l ig h t  beam w hich p e r io d ­
i c a l l y  sweeps p a s t  th e  o b se rv e r  a t  th e  r o t a t i o n  r a t e  o f  th e  
n e u tro n  s t a r .  R a d ia tio n  from  a  s u f f i c i e n t l y  r e l a t i v i s t i c  
p lasm a can  e a s i l y  p ro v id e  f o r  th e  em issio n  observed  from  
ra d io  to  X -ray  w av e len g th s .
In  t h i s  model th e  r o ta t i o n  o f  th e  c e n t r a l  n e u tro n  
s t a r  p ro v id e s  th e  b a s ic  p u ls a r  tim in g  m echanism. The f in e  
s t r u c tu r e  and v a r i a t io n s  in  th e  i n t e n s i t y  o f  th e  p u lse d  
em iss io n  a r e  a  consequence o f  th e  v a r i a b i l i t y  and d i s t r i b u ­
t io n  o f th e  p la sm a -e m ittin g  re g io n s  on th e  n e u tro n  s t a r .
Gold p o in ts  o u t t h a t  in  o rd e r  to  o b ta in  th e  observed  power 
d e n s i t i e s  o f e m itte d  r a d io  r a d i a t i o n ,  a  h ig h ly  c o h e re n t ty p e  
o f  e m it t in g  p ro c e ss  i s  r e q u ir e d .  T h is co u ld  be p ro v id ed  by 
no n -u n ifo rm  s t a t i c  d i s t r i b u t i o n s  o f ch a rg e s  in  th e  r e l a t i v ­
i s t i c  r e g io n . The model does n o t c o n s id e r  how such s t a t i c  
d i s t r i b u t i o n s  can be m a in ta in ed  in  t h i s  r e g io n . Each n e u tro n  
s t a r  would th e r e f o r e  be q u i te  d i f f e r e n t  from  th e  n e x t w ith  
r e s p e c t  to  th e  d e t a i l e d  f in e  s t r u c t u r e  o f  th e  e m iss io n . 
Asym m etries in  th e  r a d ia t io n  p a t t e r n  co u ld  a l s o  r e s u l t  from  
a  n o n -a x ia l ly  sym m etric f i e l d  o r  p lasm a c o h te n t  a s  w e ll  a s  a  
skewed o r  n o n -d ip o le  f i e l d .
Beyond th e  v e lo c i ty  o f  l i g h t  c y l in d e r  th e  m agnetic 
f i e l d  i n t e n s i t y  w i l l  d im in is h , and th e  f i e l d  l i n e s  p e rh ap s  
become ta n g le d .  Some o f  th e  r e l a t i v i f i t i c  p r o to n -e le c t r o n  
plasm a can th e r e f o r e  e scap e  in to  th e  re g io n  beyond th e  
v e lo c i ty  o f  l i g h t  c y l in d e r ,  w hich p ro v id e s  an  en e rg y  so u rce  
o f  r e l a t i v i s t i c  p a r t i c l e s  f o r  an expanding n e b u la r  c lo u d .
C a lc u la t io n s  f o r  th e  Crab N ebula in d ic a te  th a t  th e  
en e rg y  c a r r i e d  away by t h i s  r e l a t i v i s t i c  gas co u ld  p ro v id e
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enough energy  In  th e  form  o f r e l a t i v i s t i c  e le c t r o n s  to  ex ­
p la in  th e  lu m in o s ity  o f  th e  Crab N ebula. In  t h i s  r e g a rd , 
SHKLOVSKY (1970) has p o in te d  o u t t h a t  th e  sy n c h ro tro n  
em iss io n  from  a  common so u rce  o f  r e l a t i v i s t i c  p a r t i c l e s  can 
e x p la in  b o th  th e  p u ls a r  and s te a d y  Crab s p e c t r a l  em issio n  
f e a tu r e s .  T h is  i s  c o n s is te n t  w ith  th e  Gold model where th e  
same plasm a p roduces b o th  r a d i a t i o n s ,  b u t in  d i f f e r e n t  
re g io n s  o f  th e  n e b u la .
A second p la u s ib le  th e o ry  does n o t t r e a t  th e  o r ig in  
o f  th e  p u ls e s  th e m se lv e s , b u t d e a ls  w ith  th e  mechanism o f  
en e rg y  and a n g u la r  momentum t r a n s f e r  from a  h ig h ly  m agnetic 
r o t a t i n g  n eu tro n  s t a r .  The p r e s e n t  th e o ry  i s  a  f u l l y  d e v e l­
oped v e r s io n  by J .  Gunn and J .  O s t r ik e r  (GUNN and OSTRIKER, 
1969; OSTRIKER and GUNN, 1969 and 1970) o f  an  id e a  p u t f o r th  
by PACINI (1 9 6 8 ). T h is model t r e a t s  th e  c a se  w here th e  
m agnetic  d ip o le  a x is  o f th e  r o t a t i n g  n e u tro n  s t a r  i s  n o t 
a l ig n e d  w ith  th e  r o t a t i o n  a x i s .  The a u th o rs  p o in t  o u t t h a t  
t h i s  n o n -a lig n m en t i s  e s s e n t i a l  f o r  p u l s a r s ,  because th e  
ap p earan ce  o f  a x i a l l y  sym m etric s t a r s  i s  tim e  independen t 
and p u ls e s  would n o t  e x i s t .  In  t h e i r  model th e  c lo s e d  d ip o le  
f i e l d  c o n f ig u ra t io n  w i l l  e x i s t  o u t to  th e  v e lo c i ty  o f l i g h t  
c y l in d e r .  Beyond t h i s  p o in t  th e  f i e l d  l in e s  d e p a r t  from a 
d ip o le  c o n f ig u ra t io n  and a r e  sw ept back in to  a s p i r a l  p a t t e r n .  
C la s s i c a l  e le c tro m a g n e tic  th e o ry  p r e d ic t s  th a t  low freq u en cy  
m agnetic  d ip o le  r a d ia t io n  must be e m itte d  by such a  r o t a t i n g  
body in  a  vacuum. Such m u ltip o le  r a d ia t io n  w i l l  c o n s is t  o f 
v e ry  in te n s e  low freq u en cy  e le c tro m a g n e tic  r a d ia t io n  w hich 
can  ex ten d  beyond th e  c o - r o ta t i n g  r e g io n .  In  a d d i t io n ,  
g r a v i t a t i o n a l  qu ad ru p o le  r a d ia t io n  w i l l  be e m itte d  i f  th e  
body h as  a  mass quad rupo le  moment. A ccording  to  th e  th e o ry ,
e l e c t r i c  d ip o le  r a d ia t io n  i s  n o n e x is te n t  b ecau se  o f  symmetry,
-37and th e  e l e c t r i c  q u ad ru p o le  moment i s  o n ly  10 a s  la rg e  a s
\
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th e  g r a v i t a t i o n a l  quad rupo le  moment (OSTRIKER and GUNN, 1969).
Under th e  assum ptions t h a t  th e  moment o f i n e r t i a  o f
th e  body i s  c o n s ta n t ,  th e  body i s  n o t deform ed d u r in g  th e
r o t a t i o n  and t h a t  th e re  i s  no a lig n m en t o f  th e  r o t a t i o n  and
d ip o le  axes d u rin g  r o t a t i o n ,  O s tr ik e r  and Gunn a r e  a b le  to
d e r iv e  e x p re s s io n s  f o r  th e  energy  lo s s  f o r  t h i s  p ro c e s s  and
th e  age o f  a  body e m itt in g  t h i s  m u lt ip o le  r a d i a t i o n .  When
a p p lie d  to  th e  Crab p u ls a r  th e  en e rg y  lo s s  in  th e  form  of
38in te n s e  30 Hz m agnetic  d ip o le  r a d ia t io n  i s  **10 e r g s / s e c ,  
in  good agreem ent w ith  th e  energy  lo s s  needed in  th e  form 
o f  r e l a t i v i s t i c  e le c t r o n s  to  o b ta in  th e  observed  lu m in o s ity  
o f  th e  Crab N ebula (HAYNES e t  a l . ,  1968). T h e ir age o f  1170 
y r  i s  in  e r r o r  by ab o u t 257» from th e  known 917 y r  age o f  
th e  p u l s a r .  T h is  age d isc re p e n c y  can  be removed, how ever, 
by th e  em iss io n  o f  la rg e  amounts o f  g r a v i t a t i o n a l  r a d ia t io n  
d u rin g  th e  e a r ly  l i f e  o f  th e  n e u tro n  s t a r ,  as i s  ex p ec ted  on 
th e o r e t i c a l  g ro u n d s. The em iss io n  o f  t h i s  m u ltip o le  r a d ia ­
t io n  w i l l  cau se  th e  s t a r  to  lo se  a n g u la r  momentum a t  a 
c a lc u la b le  r a t e ,  w hich a llo w s th e  p e r io d  decay o f th e  p u ls a r  
to  be p r e d ic te d .  U sing th e  m easured slowdown r a t e  f o r  th e  
Crab p u l s a r ,  th e y  a re  a b le  to  c a lc u l a t e  th e  s u r fa c e  m agnetic
f i e l d  n e c e s s a ry  to  g e t  th e  observed  slowdown. They o b ta in
12a  v a lu e  o f  2 .6  x  10 gauss f o r  th e  s u r fa c e  f i e l d  w hich 
ag re e s  w e ll  w ith  th a t  ex p ec ted  f o r  n e u tro n  s t a r s .  F in a l ly ,  
i f  th e y  assume a  d ecay in g  m agnetic d ip o le  moment o f  th e  form  
m = m e x p ( - t / t ^ )  th e y  f in d  th a t  th e  p e r io d  does n o t become 
i n d e f i n i t e l y  lo n g , b u t w i l l  s to p  chang ing  when i t  reach es  a 
c e r t a i n  v a lu e .  On t h i s  b a s is  th e y  p r e d ic t  th e  te rm in a tio n  
o f  r a d ia t io n  from  p u ls a r s  a f t e r  ~ 10^ y r s ,  which i s  th o u g h t 
to  be th e  l i f e t im e  o f ty p ic a l  p u l s a r s ,  T h is  would e x p la in  
th e  absence  o f v e ry  long  p e r io d  p u ls a r s  in  th e  o b s e rv a t io n s .
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By c o n s id e r in g  th e  m otion o f  a t e s t  p a r t i c l e  in  t h i s  
low freq u en cy  r a d ia t io n  f i e l d ,  th e y  f in d  t h a t  th e s e  in te n s e  
m u lt ip o le  f i e l d s  a re  an ex trem ely  e f f i c i e n t  a c c e le r a to r  o f  
charged  p a r t i c l e s .  In  th e  s tro n g  m agnetic  d ip o le  wave f i e l d  
ch arg ed  p a r t i c l e s  a re  a c c e le r a te d  in  th e  p ro p a g a tio n  d i r e c ­
t io n  to  n e a r ly  th e  v e lo c i ty  o f l i g h t  in  a f r a c t io n  o f  a 
w av e len g th . H ence, th e y  can  r id e  th e  e le c tro m a g n e tic  waves 
outw ard a t  n e a r ly  c o n s ta n t  phase  and s lo w ly  g a in  energ y  from
th e  wave (GUNN and OSTRIKER, 1969). F or th e  Crab N ebula
13maximum e le c t r o n  e n e rg ie s  o f  5 x 10 eV can  be o b ta in e d  by
t h i s  p ro c e s s ,  and th e  energy  in p u t to  th e  e le c t r o n s  i s  c a l -
37c u la te d  to  be «  8 x 10 e r g s / s e c ,  in  e x c e l le n t  agreem ent
w ith  th e  energy  r a t e  needed to  r e p le n is h  th e  sy n c h ro tro n  
r a d ia t io n  lo s s e s  o f th e  n e b u la .
In  th e  Gunn and O s tr ik e r  model th e  r o t a t i o n a l  energy  
o f th e  n e u tro n  s t a r  i s  d i s s ip a te d  a s  low freq u en cy  m u lt ip o le  
r a d i a t i o n .  As in  th e  Gold m odel, th e  r o t a t i o n  o f  th e  c e n t r a l  
n e u tro n  s t a r  i s  assumed to  p ro v id e  th e  h a s ic  p u ls a r  tim in g  
mechanism. The mechanism w hich p roduces th e  p u ls e d  r a d i a ­
t i o n  i s  n o t t r e a t e d  by th e s e  a u th o r s .
A number o f  t h e o r i s t s  have c o n s id e re d  mechanisms to  
e x p la in  th e  p u ls e d  r a d i a t i o n s .  In  a d d i t io n  to  th e  v e ry  
d e s c r ip t iv e  c o h e re n t plasm a mechanism o f  GOLD (1968 and 1969), 
p u ls a r  em iss io n  models have been p roposed  by LAYZER (1968), 
EASTLUND (1 9 6 8 ), and MICHEL and TUCKER (1 9 6 9 ). The p rob lem  
i s  q u i te  com plex, owing to  th e  v e ry  u n c e r ta in  n a tu re  o f  th e  
p lasm as and f i e l d s  su rro u n d in g  a  n e u tro n  s t a r .  The m odels 
a r e  n o t f u l l y  developed  enough to  p ro v id e  any c o n c re te  p r e ­
d ic t io n s  a g a in s t  w hich o b s e rv a tio n s  can  be com pared.
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1 .5  Im portance o f  Gamma Ray M easurements f o r  NP 0532
B efore c o n s id e r in g  th e  p r e s e n t  p u ls a r  s e a rc h , i t  i s  
im p o rta n t to  c o n s id e r  b r i e f l y  what may be le a rn e d  from  such 
gamma ra y  m easurem ents. The o b se rv a tio n  o f  p u lse d  gamma 
ray s  from  NP 0532 w ould, f i r s t  of a l l ,  ex ten d  th e  s p e c t r a l  
em iss io n  m easurem ents to  e n e rg ie s  h ig h e r  th an  have been seen  
p re v io u s ly  from  t h i s  un iq u e  c e l e s t i a l  o b je c t .  This e x te n s io n  
o f  th e  p u lse d  spectrum  would p ro v id e  more In fo rm a tio n  on th e  
p o s s ib le  mechanisms w hich a r e  e f f e c t iv e  in  p roducing  th e  
p u lse d  r a d i a t i o n .  As shown in  A ppendix A, a  d e t a i l e d  know­
led g e  o f  th e  spectrum  shape can be q u i te  c r u c i a l  in  choosing  
betw een d i f f e r e n t  p ro d u c tio n  m echanism s. The i n t e n s i t y  o f  
such  gamma ra y  em iss io n  can  p ro v id e  in fo rm a tio n  ab o u t c o n d i­
t io n s  in  th e  so u rc e  re g io n s  o f  th e  p u l s a r .  F o r exam ple, i f  
th e  m easured p u ls e d  spectrum  i s  o b serv ed  to  c u t  o f f  o r  de­
c re a s e  s h a rp ly  a t  a  c e r t a i n  e n e rg y , t h i s  may im ply an  u p p er 
l i m i t  to  th e  e n e rg ie s  to  w hich p a r t i c l e s  can  be a c c e le r a te d  
in  th e  so u rce  r e g io n .  C o n v e rse ly , a  h a rd  pho ton  em issio n  
spec trum  would im ply th a t  th e  a c c e le r a t io n  mechanisms a r e  
v e ry  e f f i c i e n t  p a r t i c l e  a c c e l e r a to r s ,  and t h a t  h ig h  p a r t i c l e  
e n e rg ie s  a re  v e ry  l i k e l y .  T hus, m easurem ents in  th e  low 
en e rg y  gamma ra y  energy  re g io n  co u ld  have s tro n g  im p lic a ­
t io n s  f o r  p roposed  p u ls a r  m odels.
An o b s e rv a tio n  o f p u lse d  l i n e  em iss io n s  from  th e  
p u ls a r  would g iv e  d i r e c t  ev id en ce  o f  s p e c i f i c  n u c le a r  r e a c ­
t io n s  ta k in g  p la c e  in  th e  p u ls a r  so u rce  r e g io n s .  L ine f lu x  
i n t e n s i t i e s  w i l l  g iv e  an in d ic a t io n  o f  th e  a c tu a l  d e n s i t i e s  
o f  n u c le i  and r e a c t io n  r a t e s  in  th e  so u rc e . I t  i s  i n t e r e s t ­
in g  to  n o te  t h a t  no p u lse d  l i n e  em iss io n s  have been o b serv ed  
from  th e  Crab p u l s a r  in  any energy  band .
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In  a d d i t io n ,  i t  has been  su g g es ted  by many a u th o rs  
t h a t  p u l s a r s ,  and th e  supernova e v e n ts  to  w hich th e y  a r e  
in t im a te ly  a s s o c ia te d ,  co u ld  e a s i l y  acco u n t f o r  th e  o r ig in  
o f  a l l  cosm ic r a y s .  In  t h i s  re g a rd  i t  has a l s o  been  hypo the­
s iz e d  th a t  a  s u f f i c i e n t  d i s t r i b u t i o n  o f  th e s e  o b je c ts  in  tim e 
and space  c o u ld  p ro v id e  th e  so u rce  o f  th e  o b serv ed  d i f f u s e  
X -ray  and gamma ra y  background . I f  th e s e  su g g e s tio n s  a re  
t r u e ,  gamma ra y  m easurem ents from  one such p u l s a r  would be 
ex tre m e ly  im p o r ta n t.
For th e  Crab N ebu la , th e  o n ly  gamma ra y  m easurem ents 
o f  NP 0532 w ere th o se  o f  HILLIER e t  a l .  (1 9 7 0 ). T h e ir  
r e s u l t s  in d ic a te d  t h a t  th e  p u lse d  em iss io n  had a v e ry  h a rd  
s p e c t r a l  sh ap e , and t h a t  th e  p u ls e d  em iss io n  co u ld  v e ry  
l i k e l y  be th e  t o t a l  em iss io n  from  th e  e n t i r e  n eb u la  a t  
e n e rg ie s  from  600 keV to  9 MeV. T h is ,  i f  t r u e ,  would sup­
p o r t  th e  id e a  t h a t  th e  p u ls in g  n e u tro n  s t a r  i s  th e  s o le  
en e rg y  so u rce  f o r  th e  whole n e b u la .
F o r tu n a te ly ,  d u r in g  th e  June 7 , 1970 b a llo o n  f l i g h t  
o f  o u r la rg e  gamma ra y  s p e c tro m e te r , th e  Crab N ebula was in  
f u l l  view  o f  th e  d e t e c to r .  M o tiv a ted  by th e  im p lic a tio n s  o f  
H i l l i e r ' s  r e s u l t s  and by th e  im portance  o f gamma ra y  m easure­
m ents o f  e x t r a t e r r e s t r i a l  o b je c t s ,  we i n i t i a t e d  an i n v e s t i ­
g a t io n  in to  th e  p o s s i b i l i t y  o f  o b se rv in g  p u ls e d  gamma ra y  
em iss io n  from  NP 0532 from  ou r d a ta .  In  th e  ensu in g  
s e c t io n s  t h i s  in v e s t ig a t io n  i s  p r e s e n te d .
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SECTION I I  
EXPERIMENTAL APPARATUS
2 .1  D e te c to r  D esign  L im ita tio n s
The gamma ra y  en e rg y  re g io n  o f  I n t e r e s t  in  th e  
p r e s e n t  ex p e rim e n t, ex ten d in g  from 200 keV to  ~ 10 MeV i s  
o f  p a r t i c u l a r  e x p e rim e n ta l i n t e r e s t  because o f  th e  d i f f i c u l ­
t i e s  in v o lv e d  in  th e  d e te c t io n  o f  gamma ra y s  in  t h i s  ra n g e . 
T h is  en e rg y  i n t e r v a l  i s  u n iq u e  in  t h a t  i t  i s  above th e  
re g io n  where s ta n d a rd  X -ray d e te c t io n  methods can be em­
p loyed  (p a s s iv e  c o l l im a tio n )  and below  th e  re g io n  w here no 
c o l l im a t io n  i s  r e q u ir e d  f o r  d i r e c t i o n a l  gamma ra y  astronom y 
m easurem ents (u s in g  Cerenkov c o u n te rs  and sp a rk  cham bers). 
M easurem ents in  t h i s  re g io n  a re  perform ed a lm ost e x c lu s iv e ly  
by s c i n t i l l a t i o n  c o u n te r  te c h n iq u e s . One d i f f i c u l t y  a r i s e s  
because  th e  e f f i c ie n c y  f o r  i n t e r a c t i o n  o f pho tons in  th e  
d e te c to r  m a te r ia l  i s  a minimum in  t h i s  energy  re g io n . H ence, 
d e te c t io n  e f f i c i e n c i e s  a r e  low er in  t h i s  re g io n  th a n  a t  
low er and h ig h e r  e n e rg ie s .  T his i s  shown in  F ig u re  I I - 1 
w here th e  mass a b s o rp tio n  c o e f f i c i e n t  o f  N a l(T l)  i s  p lo t t e d  
a g a in s t  pho ton  e n e rg y . F o r th e  same rea so n  c o l l im a tio n  i s  
d i f f i c u l t ,  r e q u ir in g  v e ry  th ic k  s h ie ld in g  to  ach iev e  w o rth ­
w h ile  a t te n u a t io n  o f  background r a d i a t i o n .
A second e f f e c t  w hich i s  d e t r im e n ta l  to  d i r e c t i o n a l  
m easurem ents in  t h i s  re g io n  i s  th e  la rg e  p ro d u c tio n  o f  
s e c o n d a r ie s  in  th e  d e te c to r  and any s h ie ld in g  m a te r ia l  s u r ­
ro u n d in g  th e  c e n t r a l  d e t e c to r .  F or t h i s  re a s o n , e a r ly  











F ig u re  I I - l .  Mass a t te n u a t io n  c o e f f i c i e n t s  f o r  pho tons 
in  N a l(T l)  (EVANS, 1955).
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f a i l e d  because  th e  la rg e  number o f  photons w hich a r e  lo c a l ly  
produced  in  th e  p a s s iv e  s h ie ld  and su b se q u e n tly  im pinge on 
th e  c e n t r a l  d e te c to r  c a n c e l th e  a t te n u a t io n  e f f e c t  o f  th e  
s h ie ld  m a te r ia l .  In  r e c e n t  y e a rs  some p ro g re s s  has been 
made w ith  d i r e c t i o n a l  d e te c to r s  in  t h i s  energy  r e g io n ,  u s in g  
a c t iv e  c o l l im a tin g  s h ie ld s  ( s e e ,  f o r  exam ple, th e  u n p u b lish ed  
HEAO p ro p o sa ls  o f  PETERSON e t  a l . ,  1970 and FROST e t  a l . ,
1 9 7 0 ). These d i f f i c u l t i e s  combine to  make th e  s ig n a l - t o -  
background le v e l  q u i te  low in  t h i s  energy  i n t e r v a l .  These 
problem s e x i s t  f o r  any experim en t w hich a tte m p ts  m easurem ents 
in  th e  low energy  gamma ra y  r e g io n , p a r t i c u l a r l y  th o s e  where 
d i r e c t i o n a l i t y  i s  a  prim e re q u ire m e n t.
In  a d d i t io n  to  th e s e  g e n e ra l  d es ig n  l im i t a t i o n s ,  th e  
e x p e rim e n ta l o b je c t iv e s  o f  a  g iv en  experim en t d i c t a t e  a 
s p e c i f i c  s e t  o f  d e s ig n  re q u irem e n ts  f o r  th e  d e te c to r  system . 
At th e  tim e when th e  p r e s e n t  d e te c to r  system  was b e in g  d e­
s ig n e d , th e  proposed  e x p e rim e n ta l o b je c t iv e s  w ere:
1. The p rim ary  e x p e rim en ta l o b je c t iv e  was th e  se a rc h  
f o r  s o la r  gamma ra y s  in  th e  energy  in t e r v a l  ~ 200 keV to  10 
MeV from  b a llo o n  a l t i t u d e s .  T h is in c lu d e d  m easurem ents 
d u r in g  b o th  q u ie t  and d is tu rb e d  s o la r  p e r io d s .  O bserved 
r a d i a t i o n  can  be i d e n t i f i e d  a s  b e in g  o f  s o la r  f l a r e  o r ig in  
i f  i t  o ccu rs  in  tim e c o in c id e n c e  w ith  o th e r  observed  f l a r e  
phenomena such a s  r a d io  and o p t i c a l  b u r s ts  and ch a rg ed  
p a r t i c l e  f lu x e s .  F or q u ie t  tim e s o la r  m easurem ents, a  
ty p ic a l  te c h n iq u e  f o r  d e te c to r s  h av in g  o m n id ire c tio n a l r e ­
sponse i s  to  p e rfo rm  d a y -n ig h t d i f f e r e n c e  m easurem ents. 
P a r t i c u l a r  em phasis was p la c e d  on th e  se a rc h  f o r  gamma ra y  
l i n e  c o n t r ib u t io n s  a t  0 .511  MeV ( a n n ih i l a t io n  l i n e )  and 2 .2 3  
MeV (d e u te ro n  fo rm a tio n  l i n e )  as w e ll  a s  any o th e r  l i n e  
f l u x e s .
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2 . As a  secondary  o b je c t iv e ,  t h i s  se a rc h  would a ls o  
ex ten d  to  any o th e r  a s t r o p h y s ic a l  body w hich i s  in  th e  d e te c ­
t o r  f i e l d  o f  view  d u rin g  any o f  th e  b a llo o n  f l i g h t s .
3 . Secondary p u rp o ses  f o r  th e  experim en t in c lu d ed  a  
d e t a i l e d  s tu d y  o f  th e  Earth* s a tm o sp h eric  gamma ra y  spectrum  
a t  b a l lo o n  a l t i t u d e s  and a t  v a r io u s  a tm o sp h eric  d e p th s . T h is  
would p o s s ib ly  in c lu d e  th e  d e t a i l e d  m easurem ents o f  th e  0 .511  
MeV l in e  f lu x  a s  a  fu n c tio n  o f  z e n i th  a n g le , a tm ospheric  
d e p th , and p e rh ap s  l a t i t u d e  to  p ro v id e  in s ig h t  in to  th e  
so u rce  o f  th i s  l i n e  r a d ia t io n  in  th e  a tm osphere .
These ex p e rim e n ta l aims su g g e s t a  number o f  d e s ig n  
c r i t e r i a  to  be met by th e  d e te c to r  system .
1 . The d e te c to r  shou ld  have good e f f i c ie n c y  to  en ­
a b le  measurement o f  low i n t e n s i t y  s ig n a ls  in  th e  p re se n ce  o f 
th e  la rg e  co sm ic -ray  induced  background r a d ia t io n  in  th e  
atm osphere (see  Appendix D ). In  t h i s  r e s p e c t  some method
o f  red u c in g  background r a d ia t io n  would be h e lp f u l  in  i n ­
c re a s in g  th e  d e te c to r  s ig n a l- to -b a c k g ro u n d  r a t i o .  In  e ssen c e  
w hat i s  r e q u ir e d  i s  a d e te c to r  w ith  d i r e c t i o n a l  re sp o n se .
2 .  To enhance th e  a b i l i t y  to  o b se rv e  m onoenergetic 
r a d i a t i o n s ,  good d e te c to r  energ y  r e s o lu t io n  i s  n e c e s s a ry .
The s e n s i t i v i t y  o f  a d e te c to r  f o r  o b se rv in g  l i n e  r a d ia t io n  
im proves w ith  im proved en e rg y  r e s o lu t io n .  A h ig h  pho topeak  
e f f i c i e n c y  i s  a l s o  d e s i r a b le  in  t h i s  r e s p e c t .
3 . The in s tru m e n t must have th e  a b i l i t y  to  d e te c t  
sm a ll enhancem ents in  i n t e n s i t y  o v er s h o r t  tim e in te r v a l s  
( te n s  o f  seconds) such  a s  m ight occur in  s o la r  f l a r e s .  To 
m eet t h i s  re q u ire m e n t, th e  d e te c to r  sh o u ld  have a  v e ry  h ig h  
d e te c t io n  e f f i c i e n c y ,  and th e  e l e c t r o n ic s  must be ca p ab le  o f 
h a n d lin g  h ig h  d a ta  r a t e s  w ith o u t la rg e  dead tim e lo s s e s .  A 
h ig h  so u rce  c o u n tin g  r a t e  i s  needed to  o b ta in  s t a t i s t i c a l l y  
s i g n i f i c a n t  r e s u l t s  in  a  s h o r t  tim e p e r io d .
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4 . To make any ty p e  o f  a n g u la r  dependence m easure­
ment o f  th e  a tm o sp h eric  gamma r a y  spectrum  i t  I s  e s s e n t i a l  
t h a t  th e  d e te c to r  have some d i r e c t i o n a l  s e n s i t i v i t y  f o r  in ­
coming gamma r a y s .  T h is  means t h a t  th e  d e te c to r  i s  more 
s e n s i t iv e  to  r a d ia t io n  from c e r t a i n  d i r e c t io n s  th an  o th e r s .  
(Here s e n s i t i v i t y  i s  d e f in e d  a s  th e  p ro d u c t o f  th e  p r o je c te d  
a re a  and e f f i c ie n c y  o f  th e  d e te c to r  f o r  r a d ia t io n  from  a  
g iv en  d i r e c t i o n . )  There a re  two approaches t o  o b ta in in g  
d i r e c t i o n a l i t y ,  e i t h e r  by u s in g  an a c t iv e  o r  p a s s iv e  c o l l im ­
a t o r ,  o r  by u t i l i z i n g  th e  a n is o t r o p ic  s e n s i t i v i t y  o f  an  un­
s h ie ld e d  d e te c to r  o f  s p e c ia l  g e o m e tr ic a l sh a p e . These 
c r i t e r i a  d i c t a t e  a  d e te c to r  w ith  a  h ig h  d e te c t io n  e f f i c i e n c y ,  
good energ y  r e s o lu t io n ,  f a s t  tim e  re sp o n se , and some d i r e c ­
t i o n a l i t y .
P erhaps th e  most o f te n  u sed  f ig u re  o f  m e rit f o r  a  
gamma ra y  d e te c to r  i s  th e  u p p er l i m i t  f lu x  w hich th e  d e te c ­
t o r  i s  ca p ab le  o f  o b se rv in g  in  a  g iv en  ex p e rim en t. T h is 
f ig u r e  i s  a  m easure o f  how s e n s i t i v e  th e  d e te c to r  i s  to  
m easuring  s ig n a l  c o n t r ib u t io n s  above background f lu c tu a t io n s  
and i s  im p o rta n t b ecau se  i t  can  be used  to  compare th e  
d e te c t io n  s e n s i t i v i t y  o f  d i f f e r e n t  d e t e c to r s .  I t  e x p re s se s  
th e  minimum f lu x  w hich a  so u rce  can em it and j u s t  be seen  by 
a  d e te c to r  above a  c e r t a i n  c o n fid e n c e  l e v e l .  In  e q u a tio n  
form  i t  i s  g iv en  by (CHUPP e t  a l . ,  1968)
1 /2
exp [* (E )3 ]>
where n i s  th e  number o f  s ta n d a rd  d e v ia t io n s  above background 
f lu c tu a t io n s  w hich a r e  r e q u ire d  f o r  a  s i g n i f i c a n t  c o n t r ib u ­
t io n  ( r e p re s e n ts  an  a r b i t r a r i l y  chosen co n fid e n ce  l e v e l ) ,
S(E) i s  th e  av erag e  d e te c to r  s e n s i t i v i t y  ( a r e a - e f f i c ie n c y  
p ro d u c t)  to  p a r a l l e l  so u rce  r a d ia t io n  in  th e  energy  in t e r v a l
F(E ,A E ) ^ n
Bs + b (E ,A E) fU E .A E )
SCSI S+B B
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AE, Rs+g(E,AE) and R^(E,AE) a r e  th e  av e rag e  so u rce  p lu s  
background and background c o u n tin g  r a t e s  ( c o u n ts /s e c )  r e s ­
p e c t iv e ly  In  th e  en e rg y  I n te r v a l  AE c e n te re d  a t  E, and 
Tg+g» Tg a r e  th e  so u rce  and background o b se rv in g  tim es (s e c )  
r e s p e c t iv e ly .  The e x p o n e n tia l  te rm  c o r r e c t s  th e  l im i t  
m easured a t  an av e rag e  a tm o sp h eric  d ep th  3 , t o  th e  to p  o f  
th e  a tm o sp h ere . M E) i s  th e  a b s o rp tio n  c o e f f i c i e n t  f o r  a 
gamma ra y  o f  energy  E .
background , R g ^ s fR g , and assum ing t h a t  e q u a l tim e i s  sp e n t 
on and o f f  th e  so u rce  (Tg+Bfi£Tg), we have
N ote th a t  t h i s  f lu x  lim it c a lc u la t io n  i s  based  s o le ly  on
f lu c tu a t io n s  in  c o u n tin g  s t a t i s t i c s  and does n o t in c lu d e
o th e r  n o n - s t a t i s t i c a l  v a r i a t io n s  such a s  co u n tin g  r a t e
changes due to  a l t i t u d e  d r i f t s ,  l a t i t u d e  d r i f t s ,  and g a in
s h i f t s ,  w hich would y ie ld  h ig h e r  upper l im i t  v a lu e s .
E q u a tio n  11-1 shows t h a t  f o r  a g iv en  b a llo o n  f l i g h t
d u ra t io n  (Tc _) and a tm o sp h eric  d e p th , F can  be reduced  o n ly
1/2  -by making th e  q u a n t i ty  R^ /S  s m a lle r .  The two approaches
to  a c h ie v in g  t h i s  r e d u c t io n  a r e ,  (1 ) to  d e c re a se  R^, o r  (2)
t o  in c re a s e  th e  av e rag e  s e n s i t i v i t y  S . The background
co u n tin g  r a t e  can be reduced  by c o l l im a te d  s h ie ld in g  around
a  c e n t r a l  d e t e c to r .  In c re a s in g  S means u s in g  a  la rg e  a r e a ,
h ig h  e f f i c ie n c y  d e t e c to r .  N ote t h a t  i f  th e  d e te c to r  s e n s i -
-  1/2t i v i t y  i s  i s o t r o p i c ,  th en  Rg S , F o t 1 /(S )  ' , and th e  o n ly  
way to  red u ce  F i s  to  in c re a s e  S.
I f  th e  so u rce  c o n t r ib u t io n  i s  much le s s  th a n  th e
1/2
exp (E)d] pho tons
-2  - 1cm sec .
I I - 1
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U sing th e  u p p er l im i t  f lu x  v a lu e  as a s e le c t io n  
c r i t e r i o n ,  an e x te n s iv e  in v e s t ig a t io n  in to  v a r io u s  d e te c to r  
d e s ig n s  was made. The r e s u l t s  o f  t h i s  s tu d y  in d ic a te d  th a t  
two b a s ic  d e te c to r  co n c ep ts  w ere most u s e f u l .
1 . a  d i r e c t i o n a l  gamma ra y  sp e c tro m e te r  c o n s is t in g  
o f  a  c e n t r a l  3" x 3" N a l(T l)  c r y s t a l  su rrounded  by an a c t iv e  
cup -shaped  c o l l im a tin g  s h ie ld  o f  th ic k n e s s  e q u iv a le n t  to  2" 
o f  N a l(T l) ,  o r
2 . a  la rg e  a re a  (d iam e te r  £ 8 " )  la rg e  volume ( th ic k ­
n e ss  & 2") u n sh ie ld e d  N a l(T l)  gamna ra y  sp e c tro m e te r  w hich 
h as  d i r e c t i o n a l  p r o p e r t i e s  due to  i t s  p h y s ic a l  shape .
A low l im i t in g  f lu x  v a lu e  i s  o b ta in ed  in  th e  f i r s t  c a se  by 
m inim izing  R , and in  th e  l a t t e r  by t r y in g  to  maximize S .
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A com parison o f  th e  two d e s ig n s  shows t h a t  th e  
a c t iv e  c o l l im a tin g  s h ie ld  (which co u ld  be C s l ( T l ) ,  C sI(N a), 
N a l(T l) ,  t h ic k  p l a s t i c  s c i n t i l l a t o r ,  o r  p o s s ib ly  a  le a d -  
g la s s  s c i n t i l l a t o r )  g iv e s  a p p re c ia b le  background re d u c tio n  
o n ly  f o r  in c id e n t  ganma ra y s  o f  e n e rg ie s  £  1 MeV or & IS MeV. 
From 1 to  15 MeV a re a s o n a b le  s iz e  a c t iv e  c o l l im a to r  s u r ­
round ing  a  sm all c e n t r a l  d e te c to r  r e p r e s e n ts  o n ly  s l i g h t  
improvement o ver th e  la rg e  a r e a  d isk -sh a p e d  sp e c tro m e te r  f o r  
d i r e c t i o n a l  re s p o n s e . In  f a c t ,  th e  d i r e c t i o n a l  p r o p e r t ie s  
o f  th e  d i s k  sp e c tro m e te r  a r e  s u r p r i s in g ly  good in  t h i s  energy  
re g io n  (se e  Appendix B ). S h ie ld s  o f  s u f f i c i e n t  th ic k n e s s  to  
g iv e  s i g n i f i c a n t  background re d u c tio n  f o r  th e  p r e s e n t  e x p e r i ­
ment w ere ex trem e ly  ex p en s iv e  and q u i te  m assiv e . For exam ple, 
a  p l a s t i c  s c i n t i l l a t o r  s h ie ld  w hich i s  fo u r  in t e r a c t io n  
le n g th s  th ic k  a t  = 0 .5 1  MeV would w eigh ~  1000 l b s .  
E q u iv a le n t th ic k n e s s  s h ie ld s  o f  in o rg a n ic  s c i n t i l l a t o r s  
would w eigh n e a r ly  200 l b s .  A lthough d i r e c t i o n a l  re sp o n se  
i s  o b ta in a b le  w ith  a c t iv e  s h ie ld in g ,  i t  was f e l t  t h a t  th e
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m arg in a l improvement In  d i r e c t i o n a l i t y  o f  re a so n a b le  s iz e  
a c t iv e  s h ie ld s  o ver a  d isk -sh a p e d  u n sh ie ld e d  d e te c to r  d id  
n o t j u s t i f y  th e  expense and problem s ex p e c ted  in  b u i ld in g  
a  b a l lo o n  pay load  w ith  such s h ie ld s .
T h is d e c is io n  was a l s o  s tre n g th e n e d  by th e  r e s u l t s  
o f  th e  u p p er l i m i t  f lu x  c a lc u la t io n s  f o r  each  scheme, w hich 
showed th a t  th e  u n sh ie ld e d  la rg e  a re a  sp e c tro m e te r  i s  cap ab le  
o f o b se rv in g  j u s t  a s  low an u p p er l im i t  f lu x  as  th e  s h ie ld e d  
d e t e c to r .  L im itin g  f lu x  c a lc u la t io n s  w ere made to  d e term in e  
th e  s e n s i t i v i t y  f o r  o b se rv in g  l i n e  c o n t r ib u t io n s  a t  0 .511  
and 2 .2 3  MeV. The background c o u n tin g  r a t e  under each  l in e  
re g io n  was e s tim a te d  from  an e x t r a p o la t io n  o f  th e  m easured 
a tm o sp h eric  gamma ra y  spectrum  a t  a  b a l lo o n  a l t i t u d e  o f  3 .5  
g/cm  (PETERSON e t  a l . , 1966). The r e s u l t s  o b ta in e d  f o r  a 
d isk -sh a p e d  sp e c tro m e te r  11 1 /2 "  in  d ia m e te r  x 4" th ic k  (Si* 
545 cm2 a t  0 .5 1  MeV and S £* 286 cm2 a t  2 .2 3  MeV), f o r  p a r a l ­
l e l  so u rce  r a d ia t io n  im pinging  on th e  f l a t  s u r fa c e  o f  th e
4
d e te c to r  and f o r  an o b se rv in g  tim e T &  10 s e c ,  a re
F (0 .5 1  MeV) £  7 .3  x 10~^ photons/cm 2 sec
F (2 .2 3  MeV) & 2 .3  x 10"^ pho tons/cm 2 sec
These l im i t s  a r e  based  o n ly  on co u n tin g  s t a t i s t i c s .  E ssen ­
t i a l l y  th e  same v a lu e  a t  0 .51  MeV was o b ta in e d  by FISHMAN 
e t  a l .  (1969b) f o r  a 4" x 2" c e n t r a l  sp e c tro m e te r  su rrounded  
by a  2" th ic k  N a l(T l)  cu p . The l i m i t  a t  2 .2 3  MeV i s  s i g ­
n i f i c a n t l y  below  th e  p r e s e n t  s o la r  f lu x  l im i t  a t  t h i s  energy  
(CHUPP e t  a l . ,  1968).
F in a l l y ,  th e  s h ie ld e d  d e te c to r  h as  a  poo r re sp o n se  
to  s h o r t  b u r s ts  o f  r a d i a t i o n  due to  th e  low er s e n s i t i v i t y  
in  £he "look" d i r e c t i o n .  A h ig h  s e n s i t i v i t y  means a  la rg e  
number o f  so u rce  co u n ts  (and good s t a t i s t i c s )  from  b u r s t
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e v e n ts .  The la rg e  sp e c tro m e te r  has th e  b e s t  tim e r e s o lu t io n  
o f  any d e te c to r  scheme c o n s id e re d  in  th e  s tu d y . In  f a c t ,  
th e  tim e  r e s o lu t io n  f o r  th e  chosen  sp e c tro m e te r  was l im ite d  
by e l e c t r o n ic s  and n o t th e  d e te c to r  i t s e l f .
2 .2  D e s c r ip t io n  o f D e te c to r
F or th e  re a so n s  d e s c r ib e d  in  s e c t io n  2 .1 ,  a  la rg e  
volume d isk -sh a p e d  N a l(T l)  sp e c tro m e te r  was chosen as  th e  
gamma ra y  d e t e c to r .  The f i n a l  d e te c to r  was an 11 1 /2 "  
d ia m e te r  x 4" th ic k  N a l(T l)  s c i n t i l l a t i o n  c r y s t a l ,  view ed 
by seven  3" d ia m e te r  RCA 8054 p h o to tu b e s . (A s ta n d a rd  
M atched Window L ine assem bly from  Harshaw Chem ical C o .) .  The 
tu b e s  w ere o p e ra te d  in  a g a in -b a la n c e d  mode w ith  th e  anode 
p u ls e s  summed a t  a  common p o in t  p r io r  to  p r e a m p li f ic a t io n .
The c r y s t a l  was housed  in  a  low background s t a i n l e s s  s t e e l  
c o n ta in e r ,  and in  a d d i t io n  to  in d iv id u a l  n e t i c - c o n e t ic  
m agnetic  s h ie ld s  around  each  p h o to tu b e , low background s t a i n ­
l e s s  s t e e l  and t e f lo n  p h o to m u l t ip l ie r  b ase  a s sem b lie s  w ere 
u s e d . These low background p re c a u tio n s  a r e  v e ry  n e c e s s a ry  
w ith  t h i s  la rg e  c r y s t a l  s in c e  any i n t r i n s i c  background l i n e  
r a d ia t io n s  from  r a d io a c t iv e  co n tam in an ts  w i l l  p roduce a 
m easu rab le  e f f e c t  in  a s h o r t  tim e due to  th e  h ig h  pho ton  
i n t e r a c t i o n  e f f i c ie n c y  and la rg e  i n t e r a c t i o n  volum e.
T h is c e n t r a l  c r y s t a l  sp e c tro m e te r  was c o n ta in e d  w ith ­
in  a  t o t a l ly - e n c lo s in g  a c t iv e  charged  p a r t i c l e  a n t i - c o i n c i ­
dence s h ie ld .  The s h ie ld  was com prised  Of two o v e rlap p in g  
cups o f  p l a s t i c  s c i n t i l l a t o r  (h e n c e fo r th  c a l l e d  CPSA and 
CPSB) as shown in  F ig u re  I I - 2 .  Each cup c o n s is te d  o f  a  1 
cm th ic k  d is k  o p t i c a l l y  bonded to  a  ho llow  tu b e  o f  1 cm w a ll  
th ic k n e s s .  T h is  o v e rla p p in g  cup d e s ig n  was chosen  because  i t  
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. F ig u re  I I - 2 .  D iagram  o f  f l i g h t  sp e c tro m e te r  showing p o s i t io n  o f  v a r io u s
d e te c to r  com ponents.
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fram e w h ile  p ro v id in g  com plete  4* charged  p a r t i c l e  co v e rag e . 
A ll  s u r fa c e s  (ex ce p t a t  p h o to tu b e  lo c a t io n s )  w ere co v ered  
w ith  t i g h t l y  w rapped aluminum f o i l  f o r  good l i g h t  c o l l e c t i o n ,  
and th e  whole assem bly  was covered  w ith  b la c k  p l a s t i c  and 
ta p e  making a  l i g h t - t i g h t  u n i t .  Cups CPSA and CPSB w ere 
v iew ed by f iv e  and th r e e  1 1 /2 "  d ia m e te r  RCA 6199 p h o to tu b es  
r e s p e c t iv e ly  a t  th e  lo c a t io n s  in d ic a te d  in  F ig u re  I I - 2 .  A ll  
p h o to tu b e s  f o r  a  g iv en  cup were w ired  in  p a r a l l e l ,  p ro v id in g  
a s in g le  summed anode s ig n a l .  C o n seq u en tly , th e re  w ere two 
such CPS s ig n a ls  s in c e  each  cup was o p e ra te d  s e p a r a te ly  from 
th e  o th e r ,  a s  shown in  F ig u re  I I - 3 .
The 1 cm s c i n t i l l a t o r  th ic k n e s s  was chosen as  a  com­
p rom ise  betw een two c o n s id e r a t io n s ,  (1) a s su ra n ce  o f  s u f ­
f i c i e n t  l i g h t  o u tp u t to  o b ta in  a h ig h  e f f i c ie n c y  f o r  v e to in g  
ch a rg ed  cosm ic ra y  p a r t i c l e s ,  and (2) m in im iza tio n  o f  th e  
mass in  th e  s h ie ld  w hich co u ld  le a d  to  p ro d u c tio n  o f  mono- 
e n e rg e t ic  d e u te ro n  fo rm a tio n  gamma ra y s  by th e rm a liz a t io n  
and c a p tu re  o f  a tm o sp h eric  n e u tro n s  by th e  hydrogen in  th e  
s c i n t i l l a t o r .  Due to  th e  h ig h ly  v a r ia b le  l i g h t  t r a v e l  p a th s  
betw een p h o to tu b es  and d i f f e r e n t  p o in ts  o f  th e  cup , th e  
l i g h t  c o l l e c t io n  p r o p e r t ie s  v a r ie d  w id e ly  w ith  p o s i t io n  in  
each  cu p . L ab o ra to ry  m easurem ents showed t h a t  th e  r e j e c t i o n  
e f f i c ie n c y  o f each  cup was > 99%. T h is  f ig u r e  a p p l ie s  to  
th e  w o rs t c a se  o p e ra t io n  o f  each  cup s in c e  th e  m easurem ents 
were made w ith  a  u-meson te le s c o p e  a t  th e  w o rs t p o s i t io n  
fo r  l i g h t  c o l l e c t i o n .  T h is  i s  th e  p o s i t io n  w here a  minimum 
io n iz in g  th ro u g h  p a r t i c l e  g iv e s  th e  s m a lle s t  o u tp u t s ig n a l .  
For th e  a n t i - c o in c id e n c e  s h ie ld  a s  a  w hole, th e  r e j e c t i o n  
e f f i c i e n c y  i s  much h ig h e r  th a n  th e  99% f ig u r e .  An ex trem ely  
h ig h  r e j e c t i o n  e f f i c ie n c y  i s  n o t so  c r u c i a l  in  t h i s  e x p e r i ­
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F ig u re  I I - 3 . Block d iag ram  o f f l i g h t  e l e c t r o n ic s  housed  in  d e te c to r  p re s s u re  
s p h e re .
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A sm a ll leak ag e  o f  u n d e te c te d  ch a rg ed  p a r t i c l e s  r e p r e s e n ts  a  
much sm a lle r  p e rc e n ta g e  o f  t o t a l  c o u n ts  In  a  h ig h  c o u n tin g  
r a t e  experim en t th an  I t  would In  a  low co u n tin g  r a t e  ga mma 
ra y  e x p e rim en t.
Two com m ercial DC-DC c o n v e r te r s  were u sed  to  su p p ly  
p h o to tu b e  h ig h  v o l ta g e s .  One c o n v e r te r  su p p lie d  p o s i t iv e  
h ig h  v o lta g e  (+1000v) to  th e  seven  p h o to tu b e s  v iew ing  th e  
c r y s t a l ,  w h ile  th e  second c o n v e r te r  s u p p lie d  n e g a tiv e  h ig h  
v o lta g e  (-lOOOv) f o r  th e  e ig h t  CPS p h o to tu b e s  and th e  one 
c a l ib r a t i o n  so u rce  p h o to tu b e .
The N al s p e c tro m e te r , CPS cu p s , and c e r t a i n  e l e c ­
t r o n ic s  ( se e  F ig u re  11 -3 ) w ere housed in  a  s p h e r ic a l  f i b e r  
g la s s  p re s s u re  c o n ta in e r  o f  w a ll th ic k n e s s  = 0 .2  g/cm  . In  
a d d i t io n ,  th e  p r e a m p li f ie r  f o r  th e  N al s ig n a l s ,  th e  CPS d i s ­
c r im in a to r s  and s h a p e rs , and th e  c a l i b r a t i o n  so u rce  b e ta  
e v e n t d is c r im in a to r  and sh ap er were c o n ta in e d  in  t h i s  s p h e re . 
As seen  in  F ig u re  1 1 -2 , th e  mounting p l a t e  which su p p o rts  
th e  sp e c tro m e te r  and CPS cups was th e rm a lly  i s o l a t e d  from  
th e  main su p p o rt p l a t e  v ia  ru b b e r  shock m ounts, w hich a l s o  
p ro v id e d  m echan ica l shock  i s o l a t i o n  f o r  th e  N al c r y s t a l .
S t r i p  h e a te r s  mounted on th e  d e te c to r  m ounting p l a t e  p ro ­
v id e d  28 w a tts  o f  h e a t in g  in  th e  v i c i n i t y  o f  th e  CPS c u p s .
A th e r m is to r - c o n t r o l le d  a s ta b le  o s c i l l a t o r  housed  in s id e  
th e  p re s s u re  sp h e re  m easured th e  f r e e  a i r  tenqperature betw een 
th e  sp h e re  and th e  d e t e c t o r .  T h is  te m p e ra tu re  in fo rm a tio n  
was te le m e te re d  to  ground and p ro v id ed  co n tin u o u s  in fo rm a tio n  
on th e  te m p era tu re  o f  th e  d e te c to r  en v iro n m en t.
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2 .3  The D e te c to r  E le c tro n ic s
E f f o r t  was made to  o p tim ize  c e r t a i n  d e s ig n  p a ram e te rs  
i n  th e  in s tru m e n t to  remove problem s ex p e rien c e d  w ith  e a r l i e r  
d e te c to r s  flow n by t h i s  g ro u p . In  term s o f e l e c t r o n ic s  d e ­
s ig n ,  o p tim iz a tio n  in  two a re a s  was o f  prim e c o n s id e r a t io n .
An a tte m p t was made to  red u ce  th e  lo s s  in  sp e c tro m e te r  
energy  r e s o lu t io n  in  th e  e l e c t r o n i c s .  F or t h i s  reaso n  h ig h  
q u a l i ty  NIM s ta n d a rd  m odular a m p l i f ie r  and an a lo g  p u ls e  
h a n d lin g  e l e c t r o n ic s  was u se d . S econd ly , e f f o r t s  were made 
to  e l im in a te  g a in  changes d u rin g  th e  f l i g h t .  A c lo s e d - lo o p  
d i g i t a l  g a in  s t a b i l i z a t i o n  system  was in c o rp o ra te d  in to  th e  
f l i g h t  e l e c t r o n ic s  to  h e lp  e l im in a te  g a in  d r i f t  p rob lem s.
F ig u re s  I I - 3  and I I - 4  g iv e  com plete  b lo c k  diagram s 
o f  th e  f l i g h t  e l e c t r o n i c s .  Those c i r c u i t s  shown in  F ig u re  
I I - 3  were housed in  th e  d e te c to r  p re s s u re  sp h ere  w h ile  th o se  
in  F ig u re  I I - 4 ,  w ith  th e  e x c e p tio n  o f  VCO*s and t r a n s m i t t e r s ,  
w ere housed  in  a  s e p a ra te  e l e c t r o n ic s  p re s s u re  c a n . The 
summed CPS anode s ig n a l  f o r  each  cup was a m p lif ie d , and 
th o se  s ig n a ls  exceed ing  a  low er d is c r im in a to r  th re s h h o ld  
w ere shaped in to  s ta n d a rd  w id th  lo g ic  s ig n a l s .  The same was 
t r u e  o f  th e  anode s ig n a l  from  th e  p h o to tu b e  v iew ing  th e  c a l ­
i b r a t i o n  s o u rc e . The l i n e a r  N al s ig n a l  was p re a m p lif ie d  
b e fo re  le a v in g  th e  d e te c to r  sp h e re . The p re a m p lif ie d  N al 
s ig n a ls  w ere fed  to  a G au ss ian -sh ap in g  l i n e a r  a m p l i f ie r  and 
d e la y , w hich p ro v id e d  pronq>t b ip o la r  and d e lay ed  u n ip o la r  
s ig n a l s .  A l l  u n ip o la r  s ig n a ls  to  be c o n v e rted  in  th e  p u ls e  
h e ig h t  a n a ly z e r  (PHA) w ere fed  th ro u g h  th e  g a in  s t a b i l i z a t i o n  
a m p l i f i e r .  The b ip o la r  s ig n a ls  w ere u se d  to  g e n e ra te  tim in g  
p u ls e s  f o r  u se  in  th e  PHA and th e  g a t in g  lo g ic  s e c t io n .
The c o in c id e n c e  and a n t i - c o in c id e n c e  g a t in g  lo g ic  s e c t io n  
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CD
39
e v e n ts .  Those e v e n ts  o c c u rr in g  in  th e  N al d e te c to r  and n o t 
accom panied by a s im u ltan eo u s  CPSA o r  CPSB s ig n a l  ( " n e u t r a l  
e v e n ts " )  w ere s te e r e d  to  th e  256 ch a n n e l PHA f o r  c o n v e rs io n . 
I f  a  CPSA o r  CPSB p u ls e  was s im u lta n e o u s ly  p r e s e n t ,  th e  
e v e n t was v e to e d .
Those p u lse s  r e p re s e n t in g  n e u t r a l  e v e n ts  were d iv id e d  
in to  two co n tig u o u s  en e rg y  ra n g e s , th e  LER (low en e rg y  ran g e )  
and HER (h ig h  energy  r a n g e ) . U n ip o la r  p u ls e s  whose am p li­
tu d e s  w ere i n s u f f i c i e n t  to  t r i g g e r  a  v o l ta g e  th re s h o ld  
(HER SELECT DISC) w ere fed  d i r e c t l y  t o  th e  PHA. P u lse s  
w hich t r ig g e r e d  t h i s  th re s h o ld  were a t te n u a te d  b e fo re  e n t e r ­
in g  th e  PHA and became HER e v e n ts .  T h is  s ig n a l  s te e r in g  was 
perfo rm ed  by th e  DUAL LINEAR GATE in  F ig u re H -4 .  To d i s ­
t in g u is h  betw een LER and HER e v e n ts ,  a  HER ta g  b i t  was g e n e r­
a te d  w henever th e  HER SELECT DISC was t r ig g e r e d .  T his b i t  
was th en  added to  th e  p a r a l l e l  d i g i t a l  word w hich was 
e n te re d  in to  th e  b u f f e r .  T h is scheme en ab led  us to  o b ta in  
up to  256 ch a n n e ls  o f  p u ls e  h e ig h t  in fo rm a tio n  on each  o f  
th e  ran g es and p e rm it te d  us to  u se  one PHA to  co v e r a la rg e  
en e rg y  range  w ith  good e n e rg y /c h a n n e l r e s o lu t io n .
The p a r a l l e l  9 - b i t  d i g i t a l  p u ls e  h e ig h t  in fo rm a tio n  
was th en  e n te r e d  in to  a s to ra g e  b u f f e r .  T h is derandom izing  
b u f f e r  was c o n s tru c te d  from  th e  d es ig n  o f  PHILOKYPROU and 
ZACHARACOPOULOS (1 9 6 8 ). The b u f f e r  a c c e p te d  a  random  in p u t 
r a t e ,  s to r e d  up to  fo u r  e v e n ts  b e fo re  becoming f u l l ,  and was 
in te r r o g a te d  f o r  re a d o u t a t  a  p e r io d ic  3 .5 7  kHz r a t e .  T h is  
d e ran d o m iza tio n  p ro c e s s  g r e a t ly  red u ces deadtim e lo s s e s  
w hich r e s u l t  from  h ig h  in p u t d a ta  r a t e s  and low te le m e try  
tr a n s m is s io n  r a t e s  ( s e e  Appendix B ); A f u l l  b u f f e r  caused  
th e  e l e c t r o n ic s  to  v e to  ac ce p tan c e  o f  f u r th e r  d a ta  by th e  
PHA u n t i l  a  re a d o u t c r e a te s  an empty b u f f e r  lo c a t io n .  Those 
e v e n ts  th a t  o ccu r when e i t h e r  th e  PHA i s  busy o r  th e  b u f f e r
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i s  f u l l  a re  n o t a c c e p te d . T h is  co u n tin g  r a t e  ( c a l le d  LOST 
DATA) I s  m onito red  d u rin g  th e  f l i g h t .  In  th e  PGM en c o d e r, 
th e  p a r a l l e l  d i g i t a l  In fo rm a tio n  from  th e  b u f f e r  I s  con­
v e r te d  to  a 12- b i t  s e r i a l  PCM coded word and t r a n s m it te d  to
ground a t  a 3 .57  kHz word r a t e  (50 kHz b i t  r a t e ) .
In  a d d i t io n  to  th e  p u ls e  h e ig h t  a n a ly s is  e l e c t r o n i c s ,  
a  com plete  m o n ito rin g  system  was u sed  to  h an d le  housekeep ing  
d a ta .  T his sy stem  c o n s is te d  o f  two 8 -ch an n e l d i g i t a l  m u l t i ­
p le x e r s  w hich s e q u e n t ia l ly  sam pled v a r io u s  p e r t in e n t  d a ta .
The sam ple r a t e  was 1 c h a n n e l/1 0  seco n d s , so  t h a t  each  
d a ta  ch an n e l was sam pled a t  l e a s t  10 seconds o u t o f  e v e ry  
80 seco n d s. F ig u re  I I - 4  shows th e  housekeep ing  d a ta  th a t  
was m onito red  on th e  second b a l lo o n  f l i g h t ,  In p u ts  to  th e  
m u lt ip le x e r s  w ere s u i t a b ly  s c a le d  c o u n tin g  r a t e s .  The i n ­
d iv id u a l  s c a l in g  f a c t o r s ,  w ere chosen  so  t h a t  th e  e r r o r
o b ta in e d  in  in te r p o la t i n g  th e  d em u ltip lex e d  d a ta  i s  l e s s
th a n  th e  e r r o r  due to  s t a t i s t i c a l  f lu c tu a t io n s  in  th e  un ­
s e a le d  in p u t co u n tin g  r a t e s .  I n te r p o la t io n  o f  s c a le d  d a ta  
i s  p o in t l e s s  when (EVANS, 1955) 11^>(S ^ - l)^ /p ^ S ^ , w here s^  
i s  th e  s c a l in g  f a c to r  f o r  th e  i t h  c h a n n e l, i s  th e  t o t a l  
number o f  u n se a le d  co u n ts  in  a  sam ple i n t e r v a l ,  £ i s  th e  
number o f  s ta n d a rd  d e v ia t io n s  in  N^, and u^ i s  th e  number o f  
s c a le d  co u n ts  o b ta in e d  in  th e  sam ple i n t e r v a l .  T h is  r e l a t i o n  
was u sed  to  s e l e c t  s c a l in g  f a c to r s  f o r  th e  housekeep ing  d a ta .  
Each m u lt ip le x e r  o u tp u t was fed  d i r e c t l y  to  a s u b c a r r ie r  
o s c i l l a t o r  f o r  tra n s m is s io n  to  ground u s in g  a second t r a n s ­
m i t t e r  .
A ll  f l i g h t  e l e c t r o n ic s  housed  in  th e  e l e c t r o n ic s  
p r e s s u r e  v e s s e l  w ere p la c e d  in  a  s ta n d a rd  NIM b in .  The w e ll -  
r e g u la te d  v o lta g e s  f o r  th e  e l e c t r o n ic s  w ere o b ta in e d  from  
b a t te r y - d r iv e n  DC-DC c o n v e r te r s .  P rim ary  e l e c t r i c a l  power 
was s u p p lie d  by two s ta c k s  o f  Yardney S i lv e r c e l  b a t t e r i e s ,
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th e  f i r s t  a  +9v, 40 am pere-hour s ta c k  f o r  o p e ra t in g  th e  5v 
lo g ic  c i r c u i t s ,  and th e  second a  +30v , 40 am pere-hour s ta c k  
to  su p p ly  th e  NIM v o l ta g e s .  T h is  ty p e  o f  b a t t e r y  was 
chosen  because o f i t s  good p o w er-to -w e ig h t r a t i o .
The b a t t e r i e s ,  DC-DC c o n v e r te r s ,  and NIM b in  w ere 
c o n ta in e d  in s id e  a  24" x 26" x 14" aluminum p re s s u re  v e s s e l .  
A ll  components w ere mounted on an aluminum b ase  p la t e  w ith  
ru b b e r s ta n d o f f s  to  p ro v id e  th e rm a l and m echan ica l shock 
i s o l a t i o n  from th e  o u ts id e .  A 1" th ic k  p o ly s ty re n e  foam  
l i n e r  in s id e  th e  c a n , in  a d d i t io n  to  w h ite  p a in t  on th e  
o u ts id e  s u r fa c e  o f  th e  c a n , p ro v id ed  th e rm a l c o n t ro l  o f  th e  
e l e c t r o n i c s .  No h e a te r s  w ere needed in  th e  p re s s u re  can 
s in c e  s u f f i c i e n t  h e a t  was d i s s ip a te d  by th e  e l e c t r o n ic s  and 
b a t t e r i e s  to  m a in ta in  th e  te m p e ra tu re  betw een +18°C and +35°C 
d u rin g  th e  b a llo o n  f l i g h t s .  The e l e c t r o n ic s  te m p e ra tu re  was 
m on ito red  by a th e r m is to r - c o n t r o l le d  o s c i l l a t o r  (EUSC TEMP 
OSC) p o s i t io n e d  d i r e c t l y  above th e  NIM b in .  A lso , a c lo c k -  
d r iv e n  te m p e ra tu re  r e c o rd e r  mounted in s id e  th e  can reco rd ed  
th e  f r e e  a i r  te m p e ra tu re  in  th e  e l e c t r o n ic s  p re s s u re  v e s s e l .
2 .4  G ain  S t a b i l i z a t i o n  System
To o p tim ize  th e  en e rg y  r e s o lu t io n  o f  th e  d e te c to r  
sy stem , v e ry  good g a in  s t a b i l i t y  must be m a in ta in e d . G ain 
s t a b i l i z a t i o n  was ach iev ed  by e l e c t r o n i c a l l y  " lo ck in g  on" a  
re f e re n c e  peak  in  th e  gamma ra y  spectrum  and fo rc in g  t h i s  
peak  t o  rem ain in  th e  same PHA ch an n e l a t  a l l  t im e s . I f  
g a in  changes caused  th e  peak  t o  d r i f t ,  th e  d r i f t  was sen sed  
and a  g a in  c o r r e c t io n  a p p l ie d .  The h e a r t  o f th e  system  was 
a  com m ercial d i g i t a l  s t a b i l i z e r  w hich u se s  th e  d i g i t a l  PHA 
o u tp u ts  t o  c o n t r o l  a  v a r ia b le  g a in  a m p l i f i e r .  The a n p l i f i e r
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c o r r e c t io n  was a p p l ie d  v i a  a  s te p p in g -m o to r  d r iv e n  p o te n t io ­
m e te r . The i n - f l i g h t  c a l i b r a t o r  so u rce  made u se  o f th e  0 -  
c o in c id e n c e  so u rce  method (CHUPP e t  a l .  1968; FORREST e t  a l .
1971) w ith  Co®® a s  th e  r a d io a c t iv e  so u rc e . The Co®® p ro v id e s  
two d i s t i n c t  gamma ra y  c a l ib r a t i o n  l i n e s .  F o r a  d e t a i l e d  
d is c u s s io n  o f th e  method th e  re a d e r  i s  r e f e r r e d  to  CHUPP 
e t  a l .  (1 9 6 8 ), and FORREST e t  a l .  (1 9 7 1 ). B r ie f ly ,  a 
p h o to tu b e  v iew ing  a  Co®®-doped p l a s t i c  s c i n t i l l a t o r  d is k  
d e te c te d  th e  b e ta  p a r t i c l e  e m itte d  b e fo re  th e  prom pt c o in ­
c id e n t  ca scad e  gamma ra y s  o f energy  1 .17  MeV and 1 .3 3  MeV.
The a m p lif ie d  p h o to tu b e  s ig n a l  was fe d  to  a  d is c r im in a to r  
( se e  F ig u re  I I - 3 )  whose o u tp u t was shaped to  a  s ta n d a rd  w id th  
lo g ic  p u ls e .  These p u l s e s ,  w hich r e p re s e n t  b e ta  e v e n ts  in  
th e  so u rce  d is k ,  w ere p la c e d  in  c o in c id e n c e  w ith  th e  n e u t r a l  
e v e n t s ig n a ls  from  th e  N al sp e c tro m e te r . Those n e u t r a l  
e v e n ts  s e le c te d  by t h i s  0 -7  co in c id e n c e  req u irem e n t were 
tag g ed  a s  c a l i b r a t i o n  e v e n ts  (CAL EV). The c o in c id e n c e  
s ig n a l  p re v e n te d  e n t ry  o f  each  CAL EV in to  th e  b u f f e r .  T h is  
means t h a t  no a r t i f i c i a l  c a l i b r a t i o n  l in e s  sh o u ld  ap p ea r in  
th e  t r a n s m it te d  d a t a .  (T h is  i s  o n ly  t r u e  o f  c o u rse  i f  th e  
c o in c id e n c e  e f f i c ie n c y  i s  100%). The s t a b i l i z a t i o n  c i r c u i t s  
w ere a c t iv a te d  o n ly  by 0 -7  c a l i b r a t i o n  e v e n ts ,  making c e r ­
t a i n  t h a t  g a in  c o r r e c t io n s  were c o n t r o l l e d  s o le ly  by c a l i ­
b r a t io n  so u rce  s ig n a l s .  The s t a b i l i z e r  was a d ju s te d  to  lo c k  
th e  1 .3 3  MeV Co®® re fe re n c e  peak  in  ch an n el 113 o f th e  LER 
spec trum  f o r  f l i g h t  558P.
S ince  th e  system  o p e ra te d  from th e  d i g i t a l  o u tp u ts  
o f  th e  PHA, i t  c o r r e c te d  f o r  a l l  ty p e s  o f  system  d r i f t  up to  
and in c lu d in g  th e  p u ls e  h e ig h t  a n a ly z e r .  F o r exam ple, i t  
c o r r e c te d  f o r  p h o to tu b e  g a in  changes due to  h ig h  v o lta g e  
d r i f t ,  a m p l i f ie r  g a in  changes due to  th e rm a l and h ig h  c o u n t­
in g  r a t e  e f f e c t s ,  and an a lo g  to  d i g i t a l  c o n v e rs io n  v a r i a t i o n s .
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The o n ly  e f f e c t  w hich th e  system  was u n ab le  to  com pensate 
f o r  was a  z e ro  l e v e l  th re s h h o ld  s h i f t  in  th e  a m p li f ie r s  o r  
th e  PHA. P r e f l i g h t  la b o ra to ry  t e s t s  o f  th e  s t a b i l i z a t i o n  
system  showed s a t i s f a c t o r y  perfo rm ance u n d er s im u la te d  f l i g h t  
c o n d i t io n s .
The Co**® c a l i b r a t i o n  so u rc e -p h o to tu b e  com bination  
u se d  in  th e  p r e s e n t  system  had a  source s t r e n g th  o f  0 .02  
m ic ro c u rie  and a  r e j e c t i o n  e f f i c ie n c y  o f ~  75% - 78%, so 
t h a t  on ly  2 2 - 2 5 %  o f  th e  c a l i b r a t i o n  gamma ra y s  co u ld  produce 
e v e n ts  w hich ap p ear in  th e  o u tp u t spectrum . The ch o ic e  o f 
c a l i b r a t i o n  s o u r c e - to - c r y s ta l  d is ta n c e  a s s u re d  t h a t  th e  le a k ­
age r a t e  o f  c a l i b r a t i o n  so u rce  e v e n ts  was a  sm a ll p a r t  o f  
th e  t o t a l  sp ec tru m .
2 .5  The Gondola and O r ie n ta t io n  System
The e n t i r e  f l i g h t  d e te c to r  system  was mounted in s id e  
an  aluminum gondola  fram e as  shown in  F ig u re  1 1 -5 , where th e  
p o s i t io n s  o f  a l l  m ajor d e te c to r  components can  be s e e n . The 
la rg e  mass o f  e l e c t r o n ic s  and i t s  p re s s u re  v e s s e l  was p la c e d  
a s  f a r  away from  th e  d e te c to r  as  p o s s ib le  t o  m inim ize n e u tro n  
and gamma ra y  p ro d u c tio n  e f f e c t s .  The g o ndo la  fram e was d e­
s ig n e d  to  p ro v id e  a  s tu rd y  b u t l ig h tw e ig h t  fram ework fo r  
m ounting a l l  system  com ponents.
P ro v is io n s  w ere made to  p o in t  th e  d e te c to r  sp h e re  
u s in g  an  o r i e n ta t io n  system  d es ig n ed  and c o n s tru c te d  sp ec ­
i f i c a l l y  f o r  th e s e  b a l lo o n  f l i g h t s .  A d e t a i l e d  d e s c r ip t io n  
o f  t h i s  system  i s  g iv en  by ORWXG e t  a l .  (1 9 7 0 ). B a s ic a l ly ,  
th e  gondola fram e i s  s t a b i l i z e d  t o  a  n o r th -s o u th  m agnetic 
f i e l d  r e f e re n c e  by means o f a  m a g n e to m e te r-c o n tro lle d  se rv o  
sy stem . T h is  p ro v id e s  a  s t a b i l i z e d  p la tfo rm . From t h i s  
r e f e r e n c e  p la tfo rm  th e  d e te c to r  sp h e re  c o u ld  be p o s i t io n e d
Figure I I -5
P hotograph  o f  th e  UNH sp e c tro m e te r  p ay lo ad  and aluminum 
g o n d o la . The d e te c to r  i s  shown w ith o u t th e  to p  p re s s u re  
sp h e re  c o v e r . The can  on th e  bo ttom  o f th e  fram e houses 
th e  m a jo r i ty  o f  th e  f l i g h t  e l e c t r o n i c s .  A lso  v i s i b l e  
a re  th e  m agnetom eter a t  th e  end o f  th e  boom and th e  
d r iv e  m otors f o r  th e  p o in t in g  sy stem .
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F ig u re  I I - 5
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a t  any d e s i r e d  az im uth  and e le v a t io n  to  an accu racy  o f  ±3° 
on each  a x is  by means o f  a  f u l l y  d i g i t a l ,  ground-commanded 
o r i e n t a t i o n  system .
Movements ab o u t each  o f  th e  two axes was ach iev e d  
by c o n t r o l l in g  th e  number o f  s te p s  ta k en  by s te p p in g  m o to rs . 
Movements in  az im u th  and e le v a t io n  co u ld  be made in  1 ° , 10°, 
o r 90° s te p s  a t  an a n g u la r  r a t e  o f  l ° / s e c .  The e n t i r e  
gondola was r o t a t i o n a l l y  decoup led  from  th e  b a llo o n  f l i g h t  
t r a i n  v ia  a  sw iv e l c o u p lin g . Movements ab o u t th e  a z im u th a l 
a x is  were made by r o t a t i n g  a g a in s t  a  la rg e  dum bell-shaped  
i n e r t i a  r e a c t io n  boom. By d eco u p lin g  from th e  b a l lo o n ,  u n ­
n e c e s s a ry  r o t a t i o n a l  p e r tu r b a t io n s  induced  by th e  slow  
b a l lo o n  r o t a t i o n  ( ~ 1  r e v o lu t io n  p e r  5 to  15 min a t  f l o a t  
a l t i t u d e )  a r e  e l im in a te d .
The com plete  o r i e n ta t io n  system  package a l s o  in c lu d e d  
p ro v is io n s  f o r  th e  tra n s m is s io n  o f  p o s i t io n  in fo rm a tio n  to  
ground and r e c e p t io n  and v e r i f i c a t i o n  o f ground commands.
The tra n s m is s io n  o f t h i s  in fo rm a tio n  re q u ir e d  two VCO t e l e ­
m etry  c h a n n e ls . A com plete  ground s t a t i o n  decoder p ro v id ed  
v i s u a l  d is p la y  o f  th e  p o in t in g  a n g le s  and system  commands 
d u rin g  th e  f l i g h t .  The m agnetom eter boom, o r i e n ta t io n  e l e c ­
t r o n ic s  box , and m otor d r iv e s  a re  v i s i b l e  in  F ig u re  I I - 5 .
In  th e  fo llo w in g  s e c t io n  th e  ground su p p o rt system s 
used  f o r  r e c e iv in g ,  d eco d in g , and re c o rd in g  th e  d a ta  a re  
d is c u s s e d .
2 .6  Ground S upport Systems
F ig u re  I I - 6  shows a  com plete b lo c k  d iagram  o f  th e  
ground su p p o r t system s u sed  in  th e  te le m e try  re c e iv in g  
s t a t i o n  d u r in g  th e  b a l lo o n  f l i g h t .  The PCM d e c o d e r-p u lse  

































































F ig u re  I I - 6 .  B lock d iag ram  o f  ground su p p o rt equipm ent u sed  d u rin g  f l i g h t  
in  th e  te le m e try  r e c e iv in g  s t a t i o n  a t  P a l e s t i n e ,  T exas.
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PCM d e c o d e r , a  com m ercial 256 ch an n e l p u ls e  h e ig h t  a n a ly z e r , 
w ith  p r i n t e r  r e a d o u t ,  and one ch an n e l o f an an a lo g  ta p e  r e ­
c o r d e r .  W ith t h i s  equipm ent r e a l - t im e  s p e c t r a  were o b ta in e d  
d u rin g  th e  b a l lo o n  f l i g h t .  In  a d d i t io n ,  th e  PCM p u ls e  h e ig h t  
in fo rm a tio n  was re c o rd e d  d i r e c t l y  on one ch an n e l o f  th e  ta p e  
r e c o rd e r  f o r  f u r th e r  u s e .
A ll  housekeep ing  m u lt ip le x e r  d a ta  and o r i e n ta t io n  
system  d a ta  w ere re c e iv e d  on a second VHF r e c e iv e r ,  whose 
v id e o  o u tp u t was reco rd ed  on a  second ch an n e l o f  th e  ta p e  
r e c o r d e r .  In  a d d i t io n  an a r r a y  o f  FM/FM s u b c a r r ie r  d is c r im ­
in a to r s  were u sed  to  decode c e r t a i n  te le m e te re d  d a ta  f o r  
p r e s e n ta t io n  to  m o n ito rin g  and re c o rd in g  d e v ic e s , such as 
c h a r t  r e c o rd e r s  and v i s u a l  lamp d is p la y s .  C h a rt re c o rd e r s  
w ere u sed  to  g iv e  a q u ick  look  a t  th e  f l i g h t  system  o p e ra ­
t io n  and p ro v id e  a h a rd  copy o f th e  d a ta  as w e l l .  The 
s e p a r a te  o r i e n ta t io n  system  ground s t a t i o n  had p ro v is io n s  
f o r  decod ing  and d is p la y  o f  a l l  p e r t in e n t  p o in t in g  in fo rm a­
t i o n .
A ll  f l i g h t  d a ta  was s to r e d  on m agnetic ta p e .  In  
a d d i t io n ,  th e  tim in g  s ig n a ls  from  s t a t i o n  WWV, F o r t  C o l l in s ,  
C o lorado  were re c e iv e d  a t  th e  P a le s t in e ,  Texas r e c e iv in g  
s t a t i o n  and s im u lta n e o u s ly  re c o rd e d  on a  s e p a ra te  t r a c k  o f 
th e  m agnetic  ta p e .  T h is  p ro v id ed  a c c u ra te  tim in g  f o r  th e  
re c o rd e d  d a ta .  A ll  r e s u l t s  c o n s id e re d  h e re  were o b ta in e d  
from  an a n a ly s is  o f th e  p u ls e  h e ig h t  d a ta  w hich was s to r e d  
on th e s e  m agnetic  t a p e s .
An e x te n s iv e  s e r i e s  o f  p r e - f l i g h t  and p o s t - f l i g h t  
c a l i b r a t i o n s  w ere c a r r i e d  o u t on th e  f l i g h t  in s tru m e n t. The 
i n t e r e s t e d  r e a d e r  i s  r e f e r r e d  to  Appendix B where th e  r e ­
s u l t s  o f  th e s e  in s tru m e n t c a l ib r a t i o n s  a re  p re s e n te d  in  
d e t a i l .
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Two b a llo o n  f l i g h t s  were made w ith  th e  f l i g h t  In ­
s tru m e n t d e s c r ib e d  above . These f l i g h t s  a r e  d is c u s se d  In  
th e  n e x t s e c t io n .
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SECTION I I I  
BALLOON FLIGHTS
3 .1  F l ig h t  517P
The d e te c to r  sy stem  p re v io u s ly  d e s c r ib e d  was s u c c e s s ­
f u l l y  flown on two b a llo o n  f l i g h t s  from th e  NCAR launch  
f a c i l i t y  a t  P a le s t in e ,  T exas. The f i r s t  f l i g h t ,  d e s ig n a te d  
a s  517P, to o k  p la c e  on November 2 6 , 1969 and th e  second , 
d e s ig n a te d  a s  558P, on June 7 , 1970. The f i r s t  f l i g h t ,  in  
a d d i t io n  to  th e  p rim ary  o b je c t iv e  o f  o b se rv in g  th e  Sun, was 
a l s o  in te n d e d  a s  an e n g in e e r in g  f l i g h t  to  check o p e ra t io n  o f  
a l l  f l i g h t  sy s tem s , in c lu d in g  th e  i n i t i a l  t e s t  o f  th e  p ro to ­
ty p e  model o f  th e  pay load  o r ie n ta t io n  sy stem . Of p a r t i c u l a r  
i n t e r e s t  w ere th e  q u e s tio n s  o f  (1 )  how w e ll  th e  NIM m odular ~  
e l e c t r o n ic s  would o p e ra te  under ad v e rse  te m p e ra tu re  c o n d i­
t i o n s ,  (2) how good was th e  te m p e ra tu re  c o n t r o l  o f  th e  in ­
s tru m e n t, (3 ) how w e ll th e  la rg e  N al c r y s t a l  would s ta n d  up 
to  a c tu a l  f l i g h t  c o n d i t io n s ,  and (4 ) how w e ll  th e  g a in  
s t a b i l i z a t i o n  and pay load  o r i e n ta t io n  system s would o p e ra te .
The f i r s t  f l i g h t  was launched  a t  1350 UT (0750 CST)
on November 2 6 , 1969, reach ed  f l o a t  a t  a nom inal a tm o sp h eric
2
d ep th  o f  4 .5  g/cm  a t  1600 UT and rem ained a p p ro x im a te ly  a t  
t h a t  d ep th  u n t i l  cutdown a t  1805 UT. The pay load  landed  
n e a r  V ernon, Alabama a t  1841 UT. Due to  h ig h  w inds a t  f l o a t  
a l t i t u d e ,  th e  maximum te le m e try  range  was reached  e a r ly  
c a u s in g  f l o a t  d u ra t io n  to  be o n ly  two h o u r s .  Throughout th e  
f l i g h t  a p red e te rm in ed  s e r i e s  o f  p o in tin g  o p e ra t io n s  was 
perform ed w hich en ab led  a com plete  check o f  th e  o r i e n ta t io n
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sy stem . At f l o a t  a l t i t u d e  a  number o f  a l t e r n a t e  "on -su n , 90° 
aw ay-from -sun ,r movements were s u c c e s s fu l ly  com pleted  to  ob­
t a i n  so u rce  p lu s  background and background d a ta  fo r  th e  Sun.
The d a ta  from  t h i s  f l i g h t  in d ic a te d  th e  fo llo w in g
r e s u l t s .
1 . T here was a perm anent lo s s  o f  housekeep ing  d a ta  
a t  an  a l t i t u d e  o f  1 5 .3  km and a  lo s s  o f  HER p u ls e  h e ig h t  in ­
fo rm a tio n  a t  an  a l t i t u d e  o f  17 .9  km.
2 . T here was a tem porary  lo s s  o f  LER p u ls e  h e ig h t 
in fo rm a tio n  betw een 12 .1  and 17.2 km. T h is tem porary  mal­
f u n c t io n  ap p eared  to  be cau sed  by th e  lo s s  and su b seq u en t 
r e a q u i s i t i o n  o f  th e  c a l i b r a t i o n  peak  by th e  g a in  s t a b i l i z a ­
t i o n  system . In  re c o v e rin g  th e  p eak , la rg e  g a in  c o r r e c t io n s  
w ere made by th e  system , w hich ren d e red  th e  d a ta  u n r e l ia b le  
d u r in g  t h i s  p e r io d .
3 . The d e te c to r  and i t s  p re s s u re  v e s s e l  a s  w e ll 
a s  th e  e l e c t r o n ic s  o p e ra te d  c o ld e r  th a n  ex p e c te d .
4 . The o r i e n ta t io n  system  d id  n o t ach iev e  th e  p o in t ­
in g  accu racy  f o r  w hich i t  was d e s ig n e d . The p ay lo ad  was 
o n ly  s t a b i l i z e d  to  an a c cu rac y  o f  + 10° in  th e  az im u th a l 
d i r e c t i o n .  S ince  th e  la rg e  sp e c tro m e te r  has a  " f i e l d  o f 
v iew " o f ** 120° FWHM, t h i s  10° u n c e r ta in ty  p re s e n te d  no r e a l  
l im i t a t i o n  to  th e  su c cess  o f  th e  ex p e rim en t.
Based on th e  r e s u l t s  o f  f l i g h t  517P, changes and im­
provem ents w ere made to  th e  e n t i r e  system  to  remove th e  
d i f f i c u l t i e s  e x p e rie n c e d  in  th e  f i r s t  f l i g h t .  M inor e l e c ­
t r o n i c s  changes were made to  a s s u re  more r e l i a b l e  o p e ra t io n .
A new se rv o  d r iv e  system  in c o rp o ra te d  in to  th e  o r i e n ta t io n  
sy stem  improved th e  a z im u th a l p o in tin g  ac cu racy  to  + 3®, 
rem oving th e  e a r l i e r  p rob lem . More w ork was done on th e  
th e rm a l c o n t r o l  o f th e  d e te c to r  and e l e c t r o n i c s .  H elp in  
t h i s  a r e a  was g iv en  by K arl S te fa n  a t  NCAR, B o u ld er, C o lo rado .
51
G iven ou r f l i g h t  c o n f ig u r a t io n ,  h i s  group perform ed a th e rm a l 
a n a ly s is  o f  our system , w hich le d  to  recom m endations fo r  
b e t t e r  th e rm a l c o n t ro l  o f  th e  p ay lo ad . The n e c e s s a ry  changes 
w ere made p r i o r  to  th e  second f l i g h t .
F in a l ly ,  an on -board  c h a r t  re c o rd e r  used  to  re c o rd  
housekeep ing  d a ta  in  th e  f i r s t  f l i g h t  was re p la c e d  by th e  
two 8 -ch an n e l e l e c t r o n ic  m u lt ip le x e rs  d e s c r ib e d  in  s e c t io n  
2 .3 .  T h is  change was made becau se  o f a f a i l u r e  o f  th e  on­
board  c h a r t  r e c o rd e r  in  th e  f i r s t  f l i g h t .
3 .2  F l ig h t  558P
The d a ta  w hich form  th e  b a s is  o f  t h i s  t h e s i s  were
o b ta in e d  from  th e  second b a llo o n  f l i g h t  o f  th e  in s tru m e n t,
NCAR f l i g h t  558F, launched  on June 7 , 1970. The com plete
UNH s c i e n t i f i c  p ay lo ad , in c lu d in g  g o n d o la , w eighed ~ 575 lb s
6 3and was flow n on a  0 .7  m il Winzen 10.6 x 10 f t  b a l lo o n .
The t o t a l  w eigh t o f  th e  p ay lo ad , in c lu d in g  250 lb s  o f  
b a l l a s t ,  NCAR su p p o rt e l e c t r o n i c s ,  and te le m e try  equipm ent 
was ~  955 lb s  a t  la u n c h . F ig u re  I I I - l  shows a  d iagram  of 
th e  b a llo o n  f l i g h t  t r a i n .
A pprox im ate ly  380 lb s  o f  t h i s  w e ig h t was ta k e n  up by 
th e  s ta n d a rd  b a llo o n  f l i g h t  c o n t r o l  package p ro v id ed  by NCAR. 
Most o f  t h i s  package was lo c a te d  a t  th e  bo ttom  o f  th e  gondo la  
as f a r  away from  th e  d e te c to r  a s  p o s s ib le  (see  F ig u re  I I I - l ) .  
In  a d d i t io n  to  250 lb s  o f  b a l l a s t ,  t h i s  package c o n ta in e d :
1 . A b a r o t r a n s m it te r  w hich p ro v id ed  coded p re s s u re  
( a l t i t u d e )  d a ta  from  lau n ch  u n t i l  cutdow n.
2 . A Rosemount Model 830-A p re s s u re  tr a n s d u c e r  
gauge used  f o r  a c c u ra te  p re s s u re  re a d in g s  a t .a tm o sp h eric  
d e p th s  % 10 mb. T h is  gauge i s  c a l ib r a t e d  by NCAR and has a
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F ig u re  I I I - l .  Com plete b a llo o n  f l i g h t  t r a i n  fo r  f l i g h t  558P
showing bo th  th e  UNH and NCAR p a y lo a d s .
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measured p re s s u re  accu racy  o f  + 0 . 1  mb a t  f l o a t  a l t i t u d e s  o f  
1-7 mb.
3 . A r e c e iv e r  and decoder f o r  th e  NCAR PCM command 
system  ( u t i l i z e d  f o r  ground c o n tro l  o f th e  p o in tin g  sy s tem ).
4 .  A r e c e iv e r  and decoder fo r  NCAR b a l l a s t  and c u t -  
down commands.
5 . A Rawinsonde package w hich p ro v id ed  e x te rn a l  
tem p era tu re  re ad in g s  from a th e rm is to r  se n so r  and in d i r e c t  
b a llo o n  p o s i t io n  read in g s  u n t i l  f l o a t  a l t i t u d e  was reach ed .
A f te r  a smooth lau n ch  a t  1153 UT (0653 CDT) and
norm al a s c e n t ,  th e  b a llo o n  reached  f l o a t  a t  an a tm ospheric
2
d ep th  o f 3 .5  gm/cm a t  1415 UT and rem ained a t  an a tm ospheric
2
dep th  o f  3 .2  to  3 .9  g/cm f o r  ap p ro x im ate ly  7 1/2 h r s  u n t i l  
f l i g h t  te rm in a tio n  by NCAR ground command a t  2145 UT. 
Follow ing  a 40 m inute p a rach u te  d e s c e n t , th e  package landed 
seven m iles  WNW of Monahans, Texas a t  2234 UT. Due to  h igh  
s u r fa c e  w inds in  th e  d e scen t a re a  a f t e r  la n d in g , th e  pay­
lo a d  was dragged by th e  open p a rach u te  n e a r ly  1/2 m ile  on 
th e  ground b e fo re  coming to  r e s t .  C o n sid erab le  e x te rn a l  
damage o ccu rred  to  th e  aluminum gondola fram e, in c lu d in g  
some o f  th e  g ea rs  and s h a f t s  o f  th e  o r ie n ta t io n  sy stem . The 
fo u r  d e te c to r  mounting p o s ts  ( th o se  p o s ts  w hich h e ld  th e  Nal 
d e te c to r ,  CPS A, and CPS B to  th e  main mounting p l a t e ;  see 
F ig u re  I I - 2 )  were sh eared  o f f .  T h is  a llow ed  th e  d e te c to r  to  
f l o a t  f r e e ly  in s id e  th e  u p p er h a l f  o f  th e  p re s su re  sp h e re . 
A lso , th e  d e te c to r  p re s s u re  sphere  was rp p tu re d  by broken 
aluminum frame su p p o r ts . P o s t - f l i g h t  t e s t s  showed no damage 
to  th e  N al sp e c tro m e te r o r  p l a s t i c  CPS c u p s . However, two 
RCA 6199 p h o to tu b es v iew ing th e  bo ttom  of CPS A w ere b roken , 
presum ably when th e  d e te c to r  mounts were b ro k en . E xcept fo r  
a  number o f  sev ered  e l e c t r i c a l  c a b le s ,  no damage o ccu rred  to  
th e  e le c t r o n ic s  and i t s  p re s s u re  v e s s e l .
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3 .3  P erform ance o f  F l ig h t  In s tru m en ts
A ll  b a llo o n  f l i g h t  system s o p e ra te d  q u i te  w e ll  w ith  
one m inor e x c e p tio n  d is c u s s e d  a t  th e  end o f  t h i s  s e c t io n .
The e l e c t r o n ic s  p re s s u re  can  te m p e ra tu re  se n so rs  in d ic a te d  
t h a t  th e  te m p e ra tu re  in s id e  th e  can  rem ained betw een +18°C 
and +35°C th ro u g h o u t th e  e n t i r e  f l i g h t .  These te m p e ra tu re s  
a re  w e ll  w ith in  th e  a c c e p ta b le  range  o f  o p e ra t io n  f o r  th e  
NIM modules and in te g r a te d  c i r c u i t s  u sed  in  th e  e l e c t r o n i c s .  
The te m p e ra tu re  se n so r  mounted in  th e  d e te c to r  sp h e re  in ­
d ic a te d  th a t  th e  in s id e  a i r  te m p e ra tu re  was betw een -6°C and 
+17°C d u rin g  th e  f l i g h t .  S ta r t in g  a t  +17°C a t  la u n ch , t h i s  
te m p e ra tu re  dropped to  a  minimum of -6°C a t  1315 UT ( ~ 2 4  km) 
and g ra d u a l ly  ro se  to  +8°C where i t  le v e l l e d  o f f  f o r  th e  r e ­
m ainder o f  th e  f l i g h t .  A lthough t h i s  te m p e ra tu re  was below 
0°C fo r  ~  1 h r  15 m in, no m a lfu n c tio n s  o c c u rred  w hich cou ld  
be a t t r i b u t e d  to  th e  < 0°C te m p e ra tu re s . N o te , how ever, 
t h a t  t h i s  m easured a i r  te m p e ra tu re  may n o t be a  t r u e  in d i ­
c a t io n  o f  th e  te m p e ra tu re  in  th e  im m ediate N al c r y s t a l  en­
v iro n m en t. The c r y s t a l  and p h o to tu b e s  were co m p le te ly  
su rrounded  by th e  CPS c u p s , and any h e a t  r e le a s e d  by th e  
p h o to tu b e  b le e d e r  c h a in s  was p ro b ab ly  r e ta in e d  in  t h i s  sm a ll 
co n fin e d  sp a c e , keep ing  th e  d e te c to r  warmer th a n  th e  a i r  
te m p e ra tu re  o u ts id e  th e  CPS c u p s . In  a d d i t io n ,  th e  f l i g h t  
o r i e n ta t io n  system  worked ex trem e ly  w e ll  th ro u g h o u t th e  
f l i g h t .  A c o n tin u o u s  re a d o u t o f  th e  az im uth  a s p e c t showed 
t h a t  th e  m o d ified  az im uth  se rv o  system  m a in ta in ed  th e  p o in t ­
in g  d i r e c t io n  to  w ith in  th e  d e s ir e d  +3° a c c u ra c y . The 
system  responded  w e ll  to  a l l  p o in t in g  commands t r a n s m it te d  
from  th e  g round . On t h i s  b a s is  we can  say  w ith  co n fid en ce  
t h a t  th e  lo o k  d i r e c t io n  was known to  w ith in  +3° in  e i t h e r  
az im uth  o r  e le v a t io n  f o r  th e  f l o a t  p a r t  o f  th e  f l i g h t .
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A t a p p ro x im a te ly  1930 UT ( a f t e r  5 h r  15 min a t  f l o a t  
a l t i t u d e )  an in t e r m i t t e n t  lo s s  o f  th e  p u ls e  h e ig h t  d a ta  was 
e x p e r ie n c e d . C o in c id e n t w ith  t h i s  was a m a lfu n c tio n  o f th e  
p o in tin g  system  a s  in d ic a te d  by v i s u a l  ground r e a d o u ts .  A l l  
r e a l  tim e re a d o u ts  d u r in g  th e  f l i g h t  (as  w e ll  as  a  p o s t  f l i g h t  
rev iew  o f  th e  p e r t in e n t  re c o rd s )  in d ic a te  th a t  one o f  th e  two 
b a t t e r y  s ta c k s  had p rem a tu re ly  reach ed  th e  l im i t  o f  i t s  
c a p a c i ty  and c o n se q u e n tly  f a i l e d  to  p ro v id e  e l e c t r i c a l  power 
to  a  number o f  c i r c u i t s .  At t h i s  p o in t  we were s t i l l  a b le  
to  stow  th e  d e te c to r  in  i t s  la n d in g  p o s i t io n ,  and main power 
was c u t  a t  1949 UT. D ata  re c e iv e d  a f t e r  th e  f i r s t  in d ic a t io n  
o f t h i s  b a t t e r y  f a i l u r e  was n o t u sed  in  th e  p re s e n t  a n a ly s i s .
Only one m a lfu n c tio n  o cc u rred  w hich a f f e c te d  some o f 
th e  d a ta  b e in g  te le m e te re d  to  g ro u n d . T h is  was a  tem porary
lo s s  o f  LER p u ls e  h e ig h t  d a ta  on a s c e n t from  1245 UT to  1400
2 2UT (105 g/cm to  4 .5  g/cm  ) ,  j u s t  p r io r  t o  re a c h in g  f l o a t  
a l t i t u d e .  The problem  ap p ea rs  to  have been  a lo s s  o f  th e  
g a t in g  s ig n a l  w hich opens th e  LER ch an n e l to  th e  DUAL LINEAR 
GATE. S ince  t h i s  s ig n a l  a ls o  c o n t ro ls  o p e ra t io n  o f  th e  
d i g i t a l  s t a b i l i z e r ,  th e  g a in  s t a b i l i z a t i o n  system  was in ­
o p e ra t iv e  d u rin g  t h i s  t im e . W ith t h i s  system  o f f  th e  system  
g a in  c o u ld  d r i f t  w ith  te m p e ra tu re  changes in  th e  d e te c to r  
sp h e re  and th e  e l e c t r o n ic s  c a n . When th e  LER d a ta  r e tu rn e d  
a t  1400 UT, th e  spectrum  in d ic a te d  th a t  a  g a in  s h i f t  had 
o c c u rre d . T h is  was due to  th e  g a in  s t a b i l i z a t i o n  c i r c u i t s  
s e a rc h in g  and f in d in g  a  new c a l ib r a t i o n  peak  to  lo c k  on. 
U n fo r tu n a te ly  th e  new peak  was th e  1 .17  MeV Co^^ peak  r a th e r  
th a n  th e  1 .3 3  MeV Co^® peak I n i t i a l l y  u se d . The n e t  r e s u l t  
o f  t h i s  tem porary  m a lfu n c tio n , a p a r t  from  th e  lo s s  o f LER 
d a ta ,  was th e  c r e a t io n  o f  a  f ix e d  s te p  fu n c tio n  g a in  s h i f t .
A t f l o a t ,  th e  s t a b i l i z a t i o n  c i r c u i t s  worked w e ll  a t  th e  new 
g a in  v a lu e .  The e f f e c t  o f  t h i s  g a in  s h i f t  on th e  d e te c to r
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energy  c a l i b r a t i o n  was e a s i l y  d e te rm in ed  by a  new p o s t ­
f l i g h t  c a l i b r a t i o n  ( s e e  Appendix B ).
3 .4  Background C ounting  R ates
A measurem ent o f  th e  dependence o f  th e  v a r io u s  i n t e ­
g r a l  c o u n tin g  r a t e s  w ith  a tm o sp h eric  d ep th  i s  im p o rtan t fo r  
s e v e ra l  r e a s o n s .
1 . T h is  d a ta  in d ic a te s  w hether th e  in s tru m e n t 
worked p ro p e r ly  th ro u g h o u t th e  f l i g h t .
2 . These r a t e s  p ro v id e  a  good com parison o f  th e  
r e s u l t s  o b ta in e d  from  b o th  f l i g h t s  o f  th e  in s tru m e n t.
3 . An agreem ent in  th e  s lo p e  o f  th e  a tm o sp h eric  
grow th cu rv e  w ith  p re v io u s  r e s u l t s  g iv e s  co n fid e n ce  t h a t  one 
i s  m easuring  th e  n e u t r a l  e le c tro m a g n e tic  com ponent.
The c o u n tin g  r a t e s  (b o th  n e u t r a l  and ch arg ed  p a r t i c l e )
observed  in  f l i g h t  558F show th e  t y p ic a l  a tm o sp h eric  d ep th
dependence. A f te r  an i n i t i a l  d e c re a se  in  c o u n tin g  r a t e  a f t e r
la u n ch , th e  r a t e s  in c re a s e  u n t i l  a maximum i s  a t t a in e d  a t  
o
** 100-120 g/cm . A f te r  t h i s  maximum, th e  r a t e s  d e c re a se
w ith  s m a lle r  d e p th s , b u t ap p ear to  approach  a n o n -ze ro  v a lu e
when e x t r a p o la te d  to  z e ro  g/cm  . F ig u re s  I I I - 2  th rough
111-4 show th e  dependence o f  th e  v a r io u s  i n t e g r a l  co u n tin g
r a t e s  on a tm o sp h eric  d ep th  a s  o b ta in e d  on f l i g h t  558F. In
2 2th e s e  p lo t s  th e  d ep th  i s  ex p re ssed  in  g/cm  (1 g/cm  * 0 .9 7  
mb). The ch arg ed  p a r t i c l e  s h ie ld  r a t e s  (CPS A, CPS B, and 
CPS A*B) r e p r e s e n t  9 .0  second av e ra g es  o b ta in e d  ev e ry  80 
se co n d s , w h ile  th e  LER and HER i n t e g r a l  c o u n tin g  r a t e s  a re  
20 second av e rag es  o b ta in e d  ev e ry  60 seco n d s . Any e r r o r
b a rs  (+ lo  ) shown in  th e s e  f ig u r e s  w ere c a lc u la te d  s o le ly
“  1/2  from  sam ple co u n tin g  s t a t i s t i c s ,  + (N) / t .  Where no e r r o r
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F ig u re  ^11-2 A tm ospheric dependence o f charged  p a r t i c l e  
s h ie ld  co u n tin g  r a t e s .  CPS A and CPS B a re  
th e  in d iv id u a l  r a t e s ;  A«B i s  th e  co in c id e n c e  
r a t e  between cups A and B. D ata p o in ts  r e p ­
r e s e n t  9 sec av e ra g es  o b ta in e d  ev e ry  80 s e c . 
D ata was l o s t  betw een ~700  g/cm^ and a* 350 
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F ig u re  I I I - 3 . A tm ospheric d ep th  dependence o f  i n t e g r a l  LER
c o u n tin g  r a t e .  R ate in c lu d e s  co u n ts  from a l l  
c h a n n e ls  o f  LER; th e  d a ta  p o in ts  r e p r e s e n t  20 
sec  a v e ra g e s  and a re  c o r r e c te d  f o r  b u f f e r  dead ­
tim e l o s s e s .  Loss o f  LER p u lse  h e ig h t  d a ta  
o c c u rre d  a t  <*120 g/cm^ due to  a  tem porary  e l e c ­
t r o n ic s  f a i l u r e ,  b u t r e tu rn e d  a t  a  d ep th  b f  4 
g/cm 2. The e r r o r s  a re  s m a lle r  th an  th e  p lo t t e d  
p o in t s .
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Flight 558 P
Atmospheric Depth (g/cm1)
F ig u re  I I I - 4 .  A tm ospheric dep th  dependence o f i n t e g r a l  HER
co u n tin g  r a t e .  R ate in c lu d e s  co u n ts  from a l l  
ch an n els  o f HER and i s  c o r re c te d  f o r  b u f fe r  
deadtim e lo s s e s .  E rro rs  a r e  sm a lle r  than  th e  
p lo t t e d  p o in ts  ex cep t where no ted  by e r r o r  
b a r s .
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b a rs  a re  in d ic a te d ,  th e  e r r o r s  a r e  sm a lle r  th an  th e  p lo t t e d  
p o in t s .  Note t h a t  th e  CPS A*B r a t e  i s  a  c o in c id e n c e  r a t e  
betw een CPS A and CPS B. Because o f  th e  geom etry o f  th e s e  
c u p s , t h i s  co u n tin g  r a t e  shou ld  be a  good in d ic a to r  o f  th e  
th r o u g h - p a r t ic le  r a t e  in  th e  c e n t r a l  d e te c to r  ( th e  r a t e  o f  
th o s e  ch arg ed  p a r t i c l e s  w hich t r a v e r s e  b o th  s h ie ld s  and 
p e n e tr a te  th e  c e n t r a l  c r y s t a l ) .
The absen ce  o f  CPS c o u n tin g  r a t e  d a ta  from  a/ 750
2 2 g/cm  to  * * 450 g/cm  r e s u l t e d  from  an in te r m i t t e n t  te le m e try
d ro p o u t problem  due to  a  m isalignm en t o f  th e  an ten n a  on r e ­
c e iv e r  n o . 2 . The m u ltip le x e d  CPS co u n tin g  r a t e s  were t h e r e ­
fo re  u n r e l i a b le  d u rin g  t h i s  p e r io d  and have n o t been in c lu d ed  
h e r e .  The r e s u l t s  fo r  th e  LER and HER a re  co u n tin g  r a t e s  ob­
ta in e d  from th e  te le m e te re d  p u ls e  h e ig h t  d a ta  w hich w ere n o t 
a f f e c te d  by th e  te le m e try  d ro p o u t problem . They have been 
c o r r e c te d  on ly  f o r  b u f f e r  dead tim e lo s s e s .  The lo s s  o f  th e  
LER d a ta  a t  an a tm o sp h eric  d ep th  o f  ~  105 g/cm  was due to  
th e  tem porary  e l e c t r o n ic s  f a i l u r e  d e s c r ib e d  in  S e c tio n  3 .3 .  
T h is  d a ta  r e tu rn e d  a t  a  d ep th  o f  **4 .5  g/cm  . The r e s u l t s  
o f  F ig u re s  3X1-2 th ro u g h  m - 4  in d ic a te  t h a t  th e  system  was 
o p e ra t in g  as ex p ec ted  and t h a t  norm al q u a l i t a t i v e  r e s u l t s  
w ere o b ta in e d  th ro u g h o u t th e  f l i g h t .
The f l o a t  p o r t io n  o f  th e  f l i g h t  i s  o f  m ajor i n t e r e s t  
h e r e ,  s in c e  i t  was d u rin g  t h i s  tim e th a t  so u rce  o b s e rv a tio n s  
w ere made. I t  i s  im p o rtan t to  n o te  t h a t  th e  norm al non­
s o u rc e -a s s o c ia te d  f lu c tu a t io n s  in  co u n tin g  r a t e s  u s u a l ly  
o b se rv ed  a t  f l o a t  a l t i t u d e  due to  a l t i t u d e  ch an g es , changes 
in  geom agnetic l a t i t u d e ,  and changes due to  g a in  d r i f t s  do 
n o t p re s e n t  a  s e r io u s  drawback to  th e  p u ls a r  se a rc h  method 
u se d  on th e  d a ta .  T h is method i s  in h e re n t ly  in s e n s i t i v e  to  
f lu c tu a t io n s  o f th e  d e s c r ib e d  ty p e  u n le s s ,  by ch an ce , th e s e  
f lu c tu a t io n s  a r e  p e r io d ic  w ith  th e  same p e r io d  (o r  harm onic
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o f  same) as th e  s ig n a l  b e in g  sea rch ed  f o r .
To g e t  some In d ic a t io n  o f th e  ty p ic a l  gamma ra y  back­
ground spectrum  o bserved  a t  f l o a t  a l t i t u d e ,  F ig u re  111-5 
shows th e  combined LER and HER p u lse  h e ig h t  spectrum s ob­
ta in e d  by add ing  to g e th e r  a l l  o f  th e  p u lse  h e ig h t  d a ta  
o b ta in e d  a t  f l o a t  a l t i t u d e  (from  1447 UT to  1924 UT). These 
r e s u l t s  have been  c o r r e c te d  f o r  deadtim e lo s s e s  and a t te n u a ­
t io n  in  th e  su rro u n d in g  CPS cups and p re s s u re  sp h e re  m a te r ia l .
Assuming th a t  th e  observed  f lu x  i s  i s o t r o p ic  and u s in g  an
2av e rag e  d e te c to r  geom etry f a c t o r ,  Gq = 570 cm , we o b ta in  
th e  d i f f e r e n t i a l  p u lse  h e ig h t  spectrum  o f F ig u re  111-5 .
T h is  spectrum  i s  v a l id  f o r  an a tm o sp h eric  d ep th  ~  3 .5  g/cm 
and geom agnetic l a t i t u d e  o f 40°N. In  th e  LER, th e  0 .5  MeV 
a n n ih i l a t io n  l i n e  i s  th e  on ly  p rom inent a tm o sp h eric  back ­
ground f e a tu r e  o b se rv e d . The th r e e  peaks from  1 .1  to  1 .5
MeV a re  due to  th e  two leak ag e  l in e s  from  th e  Ccfi® c a l i b r a -
40t io n  so u rce  and th e  K l in e  c o n t r ib u t io n  a t  1 .47  MeV, w hich 
i s  an i n t r i n s i c  background f e a tu r e  o f  th e  la rg e  s p e c tro m e te r . 
In  th e  HER th e re  a re  s tro n g  in d ic a t io n s  f o r  s e v e r a l  p o s s ib le  
l in e  c o n t r ib u t io n s .  These r e s u l t s ,  a lth o u g h  q u i te  i n t e r e s t ­
in g , a r e  n o t d is c u s se d  f u r th e r  h e re  s in c e  th e y  a r e  n o t 
c e n t r a l  to  th e  th e s i s  to p ic .
From a b o u t 1430 UT u n t i l  th e  b a t t e r y  m a lfu n c tio n  th e  
p o in t in g  system  was u sed  to  keep th e  Sun w ith in  th e  FWHM 
a p e r tu re  o f  th e  d e t e c to r .  C a lc u la t io n s  f o r  th e  day o f  th e  
f l i g h t  in d ic a te d  th a t  th e  Crab N ebula la g s  th e  Sun in  
m e rid ian  t r a n s i t  by o n ly  33 m inu tes ( ^  8 ° ) .  A lso , th e  
maximum d if f e r e n c e  betw een th e  d e c l in a t io n  o f  th e  Sun and 
th e  Crab N ebula from 1430 UT to  2000 UT i s  o n ly  42' , o r ^ 0 . 7  
d e g re e . S ince th e  in s tru m e n t was p o in te d  to  an accu racy  o f 
+3° ab o u t th e  S o la r  d i r e c t i o n ,  we can say  w ith  co n fid en ce  
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D i f f e r e n t i a l  p u lse  h e ig h t  spectrum  a t  3 .5  g/cm 
and geom agnetic l a t i t u d e  40°N m easured w ith  
p r e s e n t  sp e c tro m e te r . The spectrum  i s  c o r r e c ­
te d  f o r  dead tim e lo s s e s  and a t te n u a t io n  in  th e  
su rro u n d in g  m a te r ia l  b u t does n o t r e p r e s e n t  a 
pho ton  f lu x  as d e te c to r  e f f i c ie n c y  h as n o t been 
in c lu d e d . The gap in  spectrum  i s  due to  sm ear­
in g  o f  HER SELECT DISC th re s h h o ld .
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1430 UT on.
In  th e  n e x t s e c t io n ,  s e v e r a l  te c h n iq u e s  u sed  to  
s e a rc h  f o r  p u ls a r  s ig n a ls  a re  d is c u s s e d . The method used  




4 .1  D e s c r ip t io n  o f A n a ly s is  Methods
B a s ic a l ly  th e re  a r e  th re e  w id e ly  u sed  te c h n iq u e s  of 
tim e domain a n a ly s is  used  in  p u ls a r  s e a rc h in g , (1) th e  
a u to c o r re la tio n -p o w e r  spec trum  te c h n iq u e , (2) th e  c r o s s ­
c o r r e l a t i o n  m ethod, and (3 ) th e  superposed  epoch method 
o f  a n a ly s i s .  In  t h i s  s e c t io n  I  w ish  to  d e s c r ib e  each  o f 
th e s e  methods b r i e f l y ,  g iv in g  t h e i r  ad v an tag es and d is a d ­
v an tag e s  a s  p u ls a r  se a rc h  te c h n iq u e s . The d e t a i l s  o f  th e  
method u sed  in  th e  p re s e n t  work a r e  th e n  g iv e n .
The a u to c o r re la tio n -p o w e r  spectrum  te c h n iq u e  i s  
w id e ly  u sed  when lo o k in g  f o r  p e r io d ic  s ig n a ls  in  a s e t  o f  
d a ta .  M a th em a tica lly  t h i s  te ch n iq u e  i s  w e ll  covered  in  th e  
l i t e r a t u r e  ( s e e ,  f o r  exam ple, BLACKMAN and TUKEY, 1958, and 
BENDAT and PIERSOL, 1966). I  s h a l l  d e s c r ib e  h e re  th e  
s ta n d a rd  Blackman-Tukey method o f power s p e c t r a l  d e n s i ty  
(PSD) c a l c u l a t i o n s .  The method has become q u i te  u s e f u l  
s in c e  th e  ad v en t o f  la rg e  h ig h -sp e e d  d i g i t a l  com puters, and 
s ta n d a rd  d i g i t a l  c o m p u ta tio n a l methods have been developed  
to  h an d le  th e  many com p u ta tio n s r e q u ir e d  in  th e  method ( f o r  
exam ple, th e  f a s t  F o u r ie r  tra n s fo rm  te c h n iq u e ) .
In  t h i s  te c h n iq u e , a  waveform (which co u ld  be a  
sm oothly  v a ry in g  fu n c t io n ,  o r  a  s e r i e s  o f d i s c r e t e l y  o c c u r ­
ring e v e n ts )  i s  m u l t ip l ie d  by a  tim e s h i f t e d  v e r s io n  o f  i t ­
s e l f  o v er th e  d u ra t io n  o f  th e  waveform . The m u l t ip l ic a t io n  
i s  done o rd in a te  by  o r d in a te  and th e  sum o f  a l l  th e s e
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p ro d u c ts  i s  ta k e n . T h is  p ro c e s s  i s  r e p e a te d  f o r  many d i f f e r ­
e n t  tim e s h i f t s  (o r  " la g  t im e s " , r r ) . I f  th e  n o rm alized  
p ro d u c t a t  each  s h i f t  i s  p lo t t e d  v e rsu s  th e  la g  t im e , th e  
r e s u l t i n g  fu n c tio n  i s  c a l l e d  th e  " a u to c o r re la t io n  fu n c t io n " ,
R , o f  th e  waveform o r  s e r i e s  o f d i s c r e t e  e v e n ts .  The2C3C
a u to c o r r e la t io n  fu n c tio n  o f a  co n tin u o u s waveform x ( t )  i s  
d e f in e d  m a th e m a tic a lly  a s
T
Rx x ^  = T^oo f  x ( t ) x ( t - x ) d t
0
w here x ( t - x )  i s  th e  s h i f t e d  w aveform , t i s  th e  la g  tim e , and 
T i s  th e  le n g th  o f  th e  d a ta  r e c o rd .
F o r u se  in  d i g i t a l  com pu ta tion  sy s tem s, th e  co n tin u o u s  
av e ra g in g  p ro c e s s  im p l i e d  by th e  above e q u a tio n  i s  re p la c e d  
by a  p ro ced u re  o f  sam pling  th e  s ig n a l  ev e ry  At seconds and 
summing a  f i n i t e  num ber, N, o f  th e  sam ple p ro d u c ts .  In  
t h i s  ca se
N
R <T) ■ 5  Z  x(kA t)x(fcA t-T) IV-1
k= l
In  th e  absence  o f  a  p e r io d ic  s ig n a l  in  th e  d a ta ,  R ( t )  I s  
f l a t  (w ith in  s t a t i s t i c a l  f lu c tu a t io n s )  ex c ep t a t  z e ro  la g  
tim e ( t  «= 0 ) where th e r e  i s  alw ays a  p ea k . The p re se n c e  o f  
p e r io d ic  s ig n a ls  i s  ev id en ced  by peaks ap p e a rin g  in  R „ „ ( t)  
a t  v a lu e s  o f  t  co rre sp o n d in g  to  th e  p e r io d s  o f  th e  com ponents 
p r e s e n t .  In  a  p u ls a r  s e a rc h , t h i s  c a lc u l a t i o n  i s  perfo rm ed  
on a  s e t  o f  d a ta  f o r  a  la rg e  range  o f  t  v a lu e s .  In  t h i s  way 
th e  d a ta  can  be t e s t e d  f o r  p e r i o d i c i t i e s  over a  la rg e  f r e ­
quency ra n g e .
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The power s p e c t r a l  d e n s i ty  fu n c t io n ,  G ( f ) ,  i s3CX
found by  ta k in g  th e  F o u r ie r  tra n s fo rm  o f  R ( t ) ,
X X
00
0„CO -  2 f  Ba W e 'i2 , f ,JT, f>0 .
-0 0
T his i n t e g r a l  must be e v a lu a te d  n u m e ric a lly  because  o f  th e
f i n i t e  d a ta  r e c o rd . I f  t  i s  th e  maximum v a lu e  o f  r  chosenm
in  th e  a n a ly s i s ,  we o b ta in  a  t ru n c a te d  sam ple power s p e c t r a l  
d e n s i ty  fu n c t io n ,
Tm
G ( f )  = 4 I  R ( t )  cos 2* fxdT . IV-2
X X  J  X X
o
(The i n t e g r a l  o f e q u a tio n  IV-2 i s  e q u iv a le n t to  t h a t  o f  th e
p re v io u s  e q u a tio n  becau se  o f  th e  evenness o f  R ( t )  and th e
X X
odd im ag inary  p a r t  o f  th e  e x p o n e n t ia l) .
G ( f )  i s  a  m easure o f  th e  power e x i s t in g  in  d i f f e r -
X X
e n t  f re q u e n c ie s  in  th e  d a ta .  A p lo t  o f  G ( f )  v s .  f  (o r
X X
1 / t )  w i l l  e x h ib i t  peaks a t  th e  c o n t r ib u t in g  f r e q u e n c ie s ,  o r  
w i l l  be f l a t  (w ith in  s t a t i s t i c a l  v a r i a t i o n s )  i f  no p e r io d ic  
com ponents e x i s t .  The peak a re a s  in  t h i s  PSD cu rv e  p ro v id e  
a  m easure o f  th e  r e l a t i v e  c o n t r ib u t io n  o f d i f f e r e n t  f r e ­
q u en c ie s  in  th e  d a t a .  B ecause o f th e  a d a p t i b i l i t y  o f  th e s e  
c a lc u la t io n s  to  d i g i t a l  com p u ters , th e  combined a u to c o r r e la -  
tion-PSD  te c h n iq u e  i s  q u i te  pow erfu l and has been u sed  
s u c c e s s f u l ly  f o r  p u l s a r  se a rc h e s  ( s e e ,  f o r  exam ple, FRITZ 
e t  a l . , 1969).
The main ad v an tag e  o f  t h i s  te c h n iq u e  fo r  p u ls a r  
s e a rc h in g  i s  t h a t  i t  r e q u i r e s  no knowledge o r  assum ptions 
ab o u t s p e c i f i c  p u l s a r  em iss io n  p a ra m e te rs . I t  i s  a  t r u e  
s e a rc h  m ethod. One d isa d v a n ta g e  i s  t h a t  th e  method p ro v id e s  
no phase  o r  a b s o lu te  tim in g  in fo rm a tio n  f o r  a  d e te c te d
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p e r io d ic  s ig n a l,w h ic h  may be o f  im portance in  c e r t a in  s i t u a ­
t i o n s .  A nother d isa d v an ta g e  i s  th e  la rg e  amount o f  com puter 
tim e r e q u ir e d  to  make th e  c a lc u l a t i o n s .  T his tim e i s  o f te n  
o f  th e  o rd e r  o f  th e  o b s e rv a tio n  tim e f o r  d a ta  ta k in g ,  w hich , 
f o r  b a llo o n  f l i g h t  ex p e rim en ts , can be q u i te  long  (up to  
te n s  o f  h o u r s ) .
In  a n o th e r  v e r s io n  o f  th e  c o r r e l a t io n  p ro c e s s ,  th e  
c r o s s - c o r r e l a t io n  te c h n iq u e , th e  s h i f t e d  d a ta  waveform 
x ( t - T )  i s  m u l t ip l ie d ,  o rd in a te  by o r d in a te ,  by a  s e le c te d  
p e r io d ic  " te rq p la te "  waveform y ( t ) ,  and th e  p ro d u c ts  ^summed. 
M a th em a tica lly  t h i s  i s  r e p re s e n te d  by
T
Rx y (T) =  J  X(t-T)y(t)dt, XV-3
0
o r  in  th e  sam pling  c a se  by
N
Rxy^*0 = ^  x (k A t-x )y (k A t) . IV-4
k= l
T h is te c h n iq u e  t e s t s  th e  s i m i l a r i t y  betw een th e  d a ta  and a
s e le c te d  waveform . U su a lly , th e  g e n e ra t io n  o f  y ( t )  r e q u ir e s
c e r t a i n  p re c o n c e p tio n s  ab o u t th e  p u ls a r  em issio n  p ro ce ss
Q5URNS and CLARK, 1969X C e r ta in  p a ram e te rs  in  th e  g e n e ra te d
waveform a r e  a d ju s ta b le ,  such as  p e r io d ,  p u ls e  w id th , and
p h ase  ( t ) , C o r r e la t io n  i s  perform ed f o r  many com binations
o f  th e s e  p a ra m e te rs , each  b e in g  v a r ie d  o v e r  i t s  range  o f
i n t e r e s t .  I f  p e r i o d i c i t i e s  e x i s t  in  x ( t ) ,  a peak  w i l l  occur
in R (t) for the proper choice of the various parameters, xy
T h is  p ro ced u re  can  p ro v id e  some in fo rm a tio n  about 
p u ls e  shape as  w e ll  as  a b s o lu te  phase  in fo rm a tio n , w hich 
can n o t be o b ta in e d  from  th e  PSD ap p ro ach . However, t h i s
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te c h n iq u e  a l s o  h as  th e  req u irem en t t h a t  a  r e f e re n c e  d a ta  
t r a i n  must be g e n e ra te d , w hich im p lie s  some assum ptions abou t 
th e  p u lse d  em iss io n  ( e .g .  th e  approx im ate  p e r io d ,  p u lse  
w id th  and shape to  be  e x p e c te d ) . A lso , a  la rg e  amount o f  
com puter tim e i s  needed in  c r o s s - c o r r e l a t io n  c a lc u l a t i o n s .
F o r t h i s  re a so n  th e  method does n o t ap p ear to  be as  u s e f u l  
f o r  th e  d e te c t io n  o f  unknown s ig n a l s ,  a lth o u g h  i t  i s  u sed  by 
a number o f  r e s e a rc h  groups (BURNS and CLARK, 1969) a s  a 
p u ls a r  s e a rc h  te c h n iq u e  in  th e  r a d io  re g io n  o f  th e  spectrum *
The t h i r d  te c h n iq u e , th e  superposed  epoch m ethod, i s  
a  method o f  synchronous s ig n a l  a v e ra g in g . In  t h i s  method 
th e  d a ta  i s  superposed  o r  o v e rla y ed  in  phase a t  a chosen  
f re q u e n c y . I f  a p e r io d ic  s ig n a l  e x i s t s  in  th e  d a ta  w ith  
fre q u en cy  e q u a l t o  th e  freq u en cy  o f  s u p e rp o s i t io n ,  a r e i n ­
fo rcem en t w i l l  o c c u r , g iv in g  an enhancem ent above s t a t i s t i c a l  
f l u c tu a t io n s .  I f  no p e r io d ic  s ig n a l  i s  p r e s e n t ,  o r  i f  th e  
s ig n a l  p e r i o d i c i t i e s  a r e  n o t e q u a l to  th e  s u p e rp o s i t io n  
fre q u e n c y , no re in fo rc e m e n t o c c u rs , and th e  r e s u l t i n g  phase 
p l o t  w i l l  be s t a t i s t i c a l l y  f l a t .  H ence, a  p e r io d ic  s ig n a l  
i s  d e te c te d  on ly  when th e  freq u en cy  o f  o v e rla p  i s  p r e c i s e ly  
e q u a l to  th e  s ig n a l  f re q u e n c y . N ote t h a t  th e  phase p lo t  
r e s u l t i n g  from  t h i s  method o f  a n a ly s is  i s  th e  tim e -av e rag e d  
ph ase  p r o f i l e  o f th e  p e r io d ic  s ig n a l .
In  a  s e a rc h  f o r  an unknown s ig n a l ,  t h i s  s u p e rp o s i t io n  
p ro c e ss  m ust be r e p e a te d  many tim es u s in g  a d i f f e r e n t  o v e r la p  
fre q u en cy  f o r  each  s e a rc h . The a n a ly s is  tim e  f o r  t h i s  method 
can  th e r e f o r e  become q u i te  long depending on th e  ran g e  o f  
p e r io d s  d e s i r e d  in  th e  se a rc h  p ro c e s s . However, th e  a n a ly s is  
method i s  e a s i l y  a d a p ta b le  to  non-com puter te c h n iq u e s , w hich 
i s  im p o rta n t i f  a c c e ss  to  d i g i t a l  com puting f a c i l i t i e s  i s  
l im i te d  o r  i f  th e  amount o f  d a ta  i s  la rg e  and com puter 
a n a ly s is  would be c o s t l y  and tim e  consum ing. As in  c r o s s -
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c o r r e l a t i o n ,  t h i s  te c h n iq u e  r e q u ir e s  some pre-know ledge o f  
th e  p u ls a r  em issio n  p a ra m e te rs . S p e c i f i c a l l y ,  th e  p u ls a r  
freq u en cy  and r a t e  o f  change o f  freq u en cy  must be assumed in  
t h i s  m ethod. The advan tage  o f  th e  m ethod, how ever, i s  th e  
a b i l i t y  to  o b ta in  a b s o lu te  p h ase  tim in g  in fo rm a tio n  and i n ­
fo rm a tio n  on th e  tim e-av e rag ed  p u ls e  p r o f i l e s  o f  th e  e m itte d  
r a d i a t i o n .
The ad v an tag es  and d isa d v a n ta g e s  g iv e n  f o r  each  
method above were c o n s id e re d  in  choosing  a s e a rc h  te c h n iq u e . 
The superposed  epoch method was chosen  f o r  two re a s o n s .
F i r s t ,  i t  was concluded  th a t  a b s o lu te  phase  and p u ls e  p ro ­
f i l e  in fo rm a tio n  were n e c e ss a ry  in  th e  p r e s e n t  a n a ly s i s .
T h is  i s  based  on th e  f a c t  t h a t  p o s i t iv e  o b se rv a tio n s  made 
w ith  a  n o n - d i r e c t io n a l  in s tru m e n t, such  a s  th e  one flow n , 
can n o t be i d e n t i f i e d  w ith  a  u n iq u e  e m it t in g  s o u rc e . O ther 
in fo rm a tio n  i s  r e q u ir e d  to  p in p o in t  th e  o r ig in  o f  th e  em- 
m is s io n . A b so lu te  tim in g  in fo rm a tio n  and phase  p r o f i l e  i n ­
fo rm a tio n  p ro v id e  t h i s  a d d i t io n a l  e v id e n c e . O b se rv a tio n  o f 
peaks w hich o ccu r in  p h ase  w i th ,  and have th e  same p u lse  
p r o f i l e  a s  th e  p u lse d  em iss io n  f o r  NP 0532 gives s tro n g  
su p p o r t to  th e  p rem ise  th a t  th e  p u lse d  r a d ia t io n  i s  in d eed  
coming from th e  Crab p u l s a r .  The f a c t  t h a t  th e  d a ta  must 
have a  known p u ls e  shape and t h a t  p u ls e s  must a r r i v e  a t  
known tim es p ro v id e s  a  s e n s i t iv e  t e s t  on th e  Crab o r ig in  o f 
th e  e m iss io n .
The p r e c is e  a p p a re n t p e r io d  v a lu e  and slowdown r a t e  
r e q u ir e d  in  th e  superposed  epoch a n a ly s is  r e p r e s e n ts  no 
prob lem  in  th e  ca se  o f  th e  Crab p u l s a r ,  NP 0532. The b a ry -  
c e n t r i c  p e r io d  and p e r io d  slowdown r a t e  f o r  th e  Crab N ebula 
p u l s a r  NP 0532 a re  w e ll  m easured , and n e a r ly  co n tin u o u s  ob­
s e rv a t io n  o f th e  o p t i c a l  em iss io n  by astronom y groups p ro ­
v id e s  new in fo rm a tio n  f o r  u p d a tin g  th e s e  v a lu e s .  In  a d d i t io n ,
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th e  p e r io d  v a lu e  and p u ls e  a r r i v a l  tim es do n o t ap p ear t o  be 
a  fu n c tio n  o f  th e  en e rg y  o f  th e  e m itte d  r a d i a t i o n ,  w hich 
a llo w s us to  ad o p t p a ram e te rs  m easured in  th e  o p t i c a l  and 
X -ray  re g io n s  f o r  th e  p r e s e n t  gamma ra y  r e g io n . A number o f  
s im u ltan eo u s  o b s e rv a tio n s  in  d i f f e r e n t  energy  re g io n s  
(CONKLIN e t  a l . ,  1969; BRADT e t  a l . , 1969) v e r i f y  t h i s  
en e rg y  independence o f  th e  im p o rtan t p u ls a r  tim in g  p a ra ­
m eters  ( a t  l e a s t  from  th e  r a d io  to  X -ray  b a n d s ) . These 
p a ra m e te rs  a re  th u s  a c c u r a te ly  known and r e a d i ly  a v a i l a b le .  
The knowledge o f  th e s e  q u a n t i t i e s  f o r  NP 0532 e l im in a te s  
th e  need f o r  sw eeping th ro u g h  a  la rg e  freq u en cy  range in  
th e  se a rc h  p ro c e s s ,  th e re b y  s im p lify in g  th e  a n a ly s i s .
The second c o n s id e ra t io n  was a  p u re ly  in s tru m e n ta l  
one. As d is c u s s e d  p r e v io u s ly ,  th e  t r u e  se a rc h  methods 
r e q u ir e  a  g r e a t  d e a l  o f a n a ly s is  tim e and m ust, in  a l l  
p r a c t i c a l i t y ,  be perfo rm ed  on a  d i g i t a l  com puter. A t th e  
tim e when our a t te m p ts  a t  d a ta  r e d u c t io n  were begun , no 
p ro v is io n  e x i s te d  f o r  t r a n s f e r r in g  o u r d a ta  in to  a  form  
co m p atib le  f o r  com plete  com puter a n a ly s i s .  A good d e a l o f  
e l e c t r o n ic s  in t e r f a c e  hardw are would have had  to  be con­
s t r u c te d  to  p e rfo rm  t h i s  t a s k .  On th e  o th e r  hand th e  su p e r­
posed  epoch a n a ly s is  le n d s  i t s e l f  more e a s i l y  to  a  non­
com puter approach  u s in g  r e a d i ly  a v a i la b le  la b o ra to ry  
equipm ent (p lu s  c o n s t ru c t io n  o f r e l a t i v e l y  sim ple  in te r f a c e  
eq u ip m e n t) .
Based on th e s e  two c o n s id e r a t io n s ,  (1 ) th e  n e c e s s i ty  
f o r  o b ta in in g  a b s o lu te  tim in g  and p u ls e  p r o f i l e  in fo rm a tio n , 
and  (2) th e  a v a i l a b i l i t y  and s im p l ic i ty  o f  in s tru m e n ta tio n  
r e q u ir e d  f o r  d a ta  a n a ly s i s ,  th e  su p erp o sed  epoch a n a ly s is  
te c h n iq u e  was th e  obv ious ch o ic e  f o r  th e  p u ls a r  se a rc h  
m ethod.
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4 .2  In s tru m e n ta tio n  f o r  P u ls a r  Search
The In s tru m e n ta tio n  f o r  th e  p r e s e n t  a n a ly s is  was v e ry  
s im i la r  to  t h a t  u sed  by NATHER e t  a l .  (1 9 6 9 ), BOYNTON e t  a l .  
(1 9 6 9 ), and DUTHIE and MURDIN (1 9 7 1 ). A b lo c k  d iagram  o f  
t h i s  e l e c t r o n ic s  in s tru m e n ta tio n  i s  shown in  F ig u re  IV -1 .
The e l e c t r o n ic s  i s  needed to  g e n e ra te  an o v e rla p  freq u en cy  
w hich i s  sy n c h ro n ized  to  th e  WWV s ig n a ls  reco rd ed  on th e  
m agnetic  t a p e .  T h is  freq u en cy  and s ig n a ls  d e r iv e d  from  i t  
a r e  u sed  to  c o n t r o l  th e  s u p e rp o s i t io n  o f  th e  d a ta .  The WWV 
s ig n a l  th u s  becomes th e  b a s ic  tim e s ta n d a rd  f o r  th e  a n a ly s i s .
To u se  th e  lo n g -te rm  tim in g  ac cu rac y  o f  th e  WWV 
s ig n a l ,  and o b ta in  a  c le a n  tim in g  s ig n a l  to  d r iv e  th e  f r e ­
quency s y n th e s iz e r ,  an 80 kHz s ig n a l  was reco rd ed  on one 
ch an n e l o f  th e  m agnetic  ta p e  in  synchronism  w ith  th e  WWV 
tim in g  m ark e rs . T his was done in  th e  la b o ra to ry  a f t e r  th e  
f l i g h t  and was accom plished  by fo rc in g  80,000 c y c le s  o f  a 
tim in g  o s c i l l a t o r  to  f i t  betw een each  1 Hz m arker on th e  
t a p e .  Synchronism  betw een th e  o s c i l l a t o r  and th e  m arkers 
was o b ta in e d  by d iv id in g  th e  80 kHz s ig n a l  by 80,000 and 
m a in ta in in g  th e  r e s u l t i n g  1 Hz s ig n a l  a t  a  c o n s ta n t  phase  
w ith  r e s p e c t  to  th e  1 Hz VJWV m ark ers . The maximum synch ron ­
i z a t io n  e r r o r  ex p e rien ce d  in  t h i s  p ro c e ss  was +1 ms. Note 
t h a t  t h i s  i s  a  n o n -accu m u la tiv e  e r r o r .  The m a jo r i ty  o f  th e  
tim e  t h i s  e r r o r  was h e ld  below  + 0 .5  ms. S e c tio n s  o f  th e  
ta p e  where t h i s  e r r o r  was g r e a t e r  th a n  1 ms were n o t u sed  
in  th e  a n a ly s i s .  T h is c le a n  80 kHz s ig n a l  was u sed  to  d r iv e  
a  p h a se - lo c k e d -lo o p  (PLL) w hich g e n e ra te d  two s ig n a l s ,  a  
d u p l ic a te  80 kHz s ig n a l  and a  10 MHz s ig n a l .  The 10 MHz 
s ig n a l  became th e  b ase  freq u en cy  f o r  u se  in  th e  freq u en cy  
s y n th e s iz e r .  The o p e ra t io n  o f  th e  FLL a s su re d  th a t  th e  syn­
t h e s i z e r  was sy n ch ro n ized  to  th e  WWV s ig n a l  and th e r e f o r e  
h a s  good lo n g -te rm  tim e s t a b i l i t y .
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The d i g i t a l  freq u en cy  s y n th e s iz e r  (d e s ig n e d  and 
b u i l t  a t  UNH) co u ld  be a d ju s te d  over th e  p e r io d  ran g e  from  
0.0001 ms to  99.9999 ms in  in c rem en ts  o f  0 .0001 ms (100 n s ) . 
The s y n th e s iz e d  freq u en cy  was a d ju s te d  to  most c lo s e ly  m atch 
th e  p r e d ic te d  a p p a re n t p e r io d  o f th e  p u l s a r ,  and c o n t r o l l e d  
th e  r e c y c l in g  o p e ra t io n  o f  a  m u ltich a n n e l a n a ly z e r  o p e ra t in g  
in  th e  m u l t i s c a le r  mode. The s y n th e s iz e r  a ls o  g e n e ra te d  a  
s ig n a l  t o  advance ch an n e ls  on th e  a n a ly z e r  a t  a  1 m s/channel 
sweep r a t e .  The re c y c l in g  p ro c e s s  was re p e a te d  ev e ry  p e r io d ;  
th u s  one 34 -ch an n e l a n a ly z e r  scan  co rresp o n d ed  to  one p u la a r  
c y c le .
The e l e c t r o n ic s  in c lu d ed  p ro v is io n s  f o r  sy n c h ro n iz in g  
th e  s t a r t  o f  a m u l t i s c a le r  scan  to  a  chosen  second  o f t im e . 
T h is  co u ld  be done to  an u n c e r ta in ty  o f  +1 ms maximum. T h is 
p ro v id e d  knowledge o f  th e  a b s o lu te  a r r i v a l  tim es f o r  th e  r e ­
s u l t i n g  s u p e rp o s i t io n  phase  p l o t s .  T h is  was ac h iev e d  by 
p h a s e -a l ig n in g  (w ith  th e  PHASE ADJUSTER c i r c u i t  o f  F ig u re
IV -1) a  s y n th e s iz e d  1 Hz s ig n a l  to  th e  WWV m arkers a s  th e y  
w ere p la y ed  back  o f f  th e  ta p e .  The s t a r t  o f a  ru n  was 
a l ig n e d  to  be 3 ms b e fo re  a  g iv en  WWV m arker, and t h i s  con­
s t a n t  phase  o f f s e t  was m a in ta in ed  f o r  a l l  th e  r u n s .
F o r reaso n s  d is c u s s e d  in  th e  n e x t s e c t io n ,  th e  
a n a ly s is  was su b d iv id ed  in to  32 ru n s ,  th e  s h o r t e s t  b e in g  100 
sec  long  and th e  lo n g e s t ,  800 sec  lo n g . A t y p i c a l  run  would 
p ro ceed  a s  fo llo w s . F i r s t ,  th e  sy n th e s iz e d  1 Hz s ig n a l  was 
b ro u g h t in to  a  f ix e d  -3 .0  ms phase o f f s e t  w ith  r e s p e c t  to  
th e  WWV s ig n a l  from  th e  m agnetic ta p e .  T his c o u ld  be done 
to  an e r r o r  o f  + 0 .2  ms (se e  Appendix F ) . T h is p h ase  a l i g n ­
ment was m on ito red  d u r in g  each  ru n . The n e x t s te p  was to  
s t a r t  th e  ru n  a t  a  p r e c i s e ly  known a b s o lu te  t im e . T h is was 
done by arm ing th e  s y n th e s iz e r  j u s t  p r i o r  to  th e  second 
m arker chosen  to  be th e  s t a r t i n g  tim e o f  th e  ru n . The n e x t
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1 Hz t r i g g e r  p u ls e  th e n  i n i t i a t e d  th e  ru n , th u s  synchron­
iz in g  th e  s t a r t  o f  th e  m u l t i s c a le r  sweep p ro c e s s  to  a  known 
a b s o lu te  tim e . The run  was e l e c t r o n i c a l l y  tim ed  by co u n tin g  
th e  number o f  1 Hz t r i g g e r  p u ls e s  o c c u rr in g  a f t e r  th e  s t a r t  
o f  th e  ru n . When a  p r e s e t  co u n t was reach ed  th e  s y n th e s iz e r  
was a u to m a t ic a l ly  d is a b le d  and th e  run  ended.
The c o n te n ts  o f  th e  m u ltic h a n n e l a n a ly z e r  was re a d  
o u t on punched p ap e r  ta p e  and re d u n d a n tly  p r in te d  o u t on 
p a p e r  ta p e  f o r  a  q u ick  v i s u a l  check  o f  th e  d a t a .  The d a ta  
on th e  punched p ap e r  ta p e  w ere th e n  co n v e rte d  t o  com puter 
c a rd s  a s  in p u t to  th e  com puter program  w hich perfo rm ed  th e  
f i n a l  d a ta  a n a ly s i s .
4 .3  S u b d iv is io n  o f  D ata and F in a l  Phase A lignm ent
The superposed  epoch method o f a n a ly s is  r e q u ir e s  
v e ry  p r e c i s e  s y n c h ro n iz a tio n  betw een th e  a r t i f i c i a l  sy n th e ­
s i z e r  p e r io d  and th e  p u ls a r  s ig n a l .  S in ce  th e  m u l t i s c a le r  
ch an n e l advance r a t e  i s  1 m s/channel f o r  th e  p r e s e n t  c a s e ,  
t h i s  p r e c i s io n  must be good enough to  m a in ta in  any accum ula­
t i v e  phase d r i f t  to  a  v a lu e  l e s s  th an  1 ms d u r in g  a  d a ta  ru n . 
When t h i s  c o n d i t io n  i s  m et, no o b se rv a b le  tim e d r i f t i n g  o f  
th e  d a ta  s ig n a ls  o c c u rs . I f  th e  phase  d r i f t  exceeds 1 ms, 
d a ta  sm earing  w i l l  o cc u r  in  th e  f i n a l  phase  d iag ra m s. T h is  
e f f e c t ,  i f  la rg e  enough, co u ld  red u ce  peak  s ig n a ls  to  a 
v a lu e  below  background f l u c t u a t i o n s .
T h is  p r e c i s e  sy n c h ro n iz a tio n  p re s e n te d  a  problem  in  
th e  p r e s e n t  a n a ly s is  because  th e  s y n th e s iz e r  co u ld  n o t be 
a d ju s te d  in  sm a ll enough p e r io d  in c re m en ts  to  p e rm it c o n t in ­
uous t r a c k in g  o f th e  p u ls a r  p e r io d  th ro u g h o u t th e  d a ta  
in t e g r a t io n  tim e . In  Appendix F i t  i s  shown t h a t  f o r  th e  
16,739 se c  d a ta  i n t e r v a l  o f  th e  p r e s e n t  a n a ly s i s ,  th e  p e r io d
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s y n c h ro n iz a tio n  must be m a in ta in ed  to  an accu racy  o f  < 2 
n s /p e r io d  in  one long  ru n  to  keep th e  phase  d r i f t  S I  ms. 
However, th e  freq u en cy  s y n th e s iz e r  c o u ld  on ly  inc rem en t th e  
p e r io d s  in  s te p s  o f  100 n s .  Thus, th e  e x a c t  a p p a re n t p u ls a r  
p e r io d  a t  a  g iv e n  tim e co u ld  n o t be s y n th e s iz e d . In  a d d i t io n ,  
th e  ex p ec ted  a p p a re n t p u l s a r  p e r io d  f o r  NP 0532 v a r ie s  
th ro u g h o u t th e  d a ta  i n t e r v a l  (se e  Appendix E ) . C a lc u la t io n s  
f o r  th e  in t e r v a l  u sed  h e re  showed t h a t  th e  a p p a re n t p e r io d  
f o r  NP 0532 v a r ie d  from  33.112301 ms a t  14h 32m 01s UT to  
33.112338 ms a t  19h l l m 00s UT on June 7 , 1970 ( a  change 
o f  37 n s ) .  I t  was im p o ss ib le  to  t r a c k  th e s e  p e r io d  changes 
a s  would be r e q u ir e d  in  one long  ru n  o f  th e  d a ta .
The problem  was e l im in a te d  by su b d iv id in g  th e  d a ta
in to  32 ru n s , each  o f s h o r t  in te g r a t io n  tim e ( £ 8 0 0  s e a c h ) .
The same s y n th e s iz e d  p e r io d  v a lu e  was u sed  f o r  a l l  ru n s ,
P = 33.112300 + 0.000005 ms. T his was th e  c l o s e s t  v a lu e  syn —
to  th e  t r u e  ex p ec ted  p e r io d  t h a t  co u ld  be g e n e ra te d  in  th e  
s y n th e s iz e r .  Note t h a t  th e  d i f f e r e n c e  betw een th e  g e n e ra te d  
and ex p e c te d  p e r io d  v a r ie s  from  +1 ns to  +38 ns o v er th e  
d a ta  i n t e r v a l .  A t no tim e was th e  p e r io d  e r r o r  l a r g e r  th a n  
38 n s .  U sing e q u a tio n  F - l  o f  A ppendix F w ith  = 38 ns 
and P = 33.112300 ms, we f in d  t h a t  in  o rd e r  to  keep th e  
p h ase  d r i f t  £  1 ms in  any ru n , th e  in te g r a t io n  tim e o f  th e  
run  must be £  950 s . By k eep in g  th e  accu m u la tio n  tim e o f 
each  run  £  800 s , we w ere a s s u re d  t h a t  th e  r e s u l t s  o b ta in e d  
f o r  each  run  w ere th e  same a s  would have been o b ta in e d  i f  
th e  d a ta  had been  superposed  a t  th e  e x a c t  ex p ec ted  p u ls a r  
p e r io d .
The d a ta  from  th e  m u l t i s c a le r  a n a ly s is  th e r e fo r e  
c o n s is te d  o f  32 p h ase  d iagram s w hich had  to  be superposed  in  
ph ase  to  o b ta in  th e  f i n a l  com posite  p h ase  d iag ram . I t  i s  
in  t h i s  f i n a l  sy n c h ro n iz a tio n  p ro c e ss  t h a t  th e  o v e r a l l
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tim in g  accu racy  i s  re c o v e re d . From a  knowledge o f th e  ex ­
p e c te d  ap p a re n t p e r io d  v e rsu s  tim e and th e  s t a r t i n g  tim es o f  
each  ru n ,  i t  was p o s s ib le  to  c a lc u l a t e  and a s s ig n  a  p u ls a r  
phase to  th e  s t a r t  o f  each  ru n . T his c a lc u la t io n  was made 
to  th e  n e a re s t  m u l t i s c a le r  ch an n e l (1  m s). T h is  knowledge 
o f th e  p o s i t io n  in  p u l s a r  phase  o f  each  ch an n el o f each  run  
en ab led  th e  ru n s  to  be  p h a s e -a lig n e d  and added to  each  o th e r .  
A com puter program  was w r i t t e n  to  p e rfo rm  t h i s  s u p e rp o s i t io n  
o f th e  32 ru n s .  The a p p a re n t p u ls a r  p e r io d  d r i f t  was i n ­
c lu d ed  in  th e  c a lc u l a t i o n  o f th e  s t a r t i n g  tim e p h a s e s .
T h is te c h n iq u e  s u c c e s s fu l ly  re c o v e re d  th e  tr a c k in g  ac cu racy  
needed in  su p e rp o sin g  th e  d a ta .
S ince tim in g  ac cu racy  and p r e c i s e  sy n c h ro n iz a tio n  
a re  o f  g re a t  im portance in  th e  s u p e rp o s i t io n  m ethod, i t  i s  
im p o rta n t to  c o n s id e r  th e  e r r o r s  in v o lv ed  in  th e s e  q u a n t i t i e s  
fo r  th e  p r e s e n t  a n a ly s i s .  Appendix F i s  devo ted  to  t h i s  
t a s k .  In  a d d i t io n ,  Appendix E c o n ta in s  th e  c a lc u la t io n s  o f  
th e  ex p ec ted  p e r io d  changes f o r  th e  day o f  th e  f l i g h t  w ith  
comments on th e  e r r o r s  in  t h i s  q u a n t i ty .  These p e r io d  
changes were u sed  in  th e  f i n a l  phase a l ig n in g  p ro ced u re  
perfo rm ed  on th e  d a ta  by  th e  com puter program .
In  th e  n e x t s e c t io n  th e  r e s u l t s  o f  u s in g  th e  su p e r­
p o s i t io n  a n a ly s is  to  s e a rc h  f o r  gamma ra y  p u ls a t io n s  from  
NP 0532 a re  p r e s e n te d .
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SECTION V 
RESULTS OF PULSAR ANALYSIS
5 .1  LER (250 keV - 2 .3  MeV^
An i n i t i a l  a n a ly s is  u s in g  th e  superposed  epoch 
te c h n iq u e  was perfo rm ed  on one i n t e g r a l  energy  band e x te n d ­
in g  from  250 keV to  2 .3  MeV. One la rg e  band was chosen  f o r  
th e  f i r s t  lo o k  a t  th e  d a ta  to  o b ta in  a  la rg e  number o f  
c o u n ts ,  w hich would g iv e  good c o u n tin g  s t a t i s t i c s  and in ­
c r e a s e  o u r a b i l i t y  to  d e te c t  sm a ll s ig n a ls  above th e  ex p ec ted  
la r g e  background . D ata  from  th e  f l o a t  p o r t io n  of f l i g h t
558P was chosen  f o r  th e  a n a ly s i s .  Out o f  t h i s  t o t a l  tim e
4 4i n t e r v a l ,  1 .2  x 10 sec  o f  u s a b le  d a t a ,  spann ing  1 .67  x 10
se c  from  14h 32m 01s to  19h  l l m 00s , was an a ly zed  f o r  a
p u ls e d  c o n t r ib u t io n  from  NP 0532.
The a n a ly s is  was r e p e a te d ly  perfo rm ed  on th e  same 
s e t  o f  d a t a ,  each  tim e u s in g  a  new p e r io d  in  th e  com puter 
p rogram . The f i n a l  s e t  o f  phase  d iagram s were th en  scanned  
to  look  f o r  any s i g n i f i c a n t  p e a k s . The f i n a l  r e s u l t s  f o r  
th e  LER d a ta  a t  two s e le c te d  o v e r la p  f re q u e n c ie s  a r e  shown 
in  F ig u re  V - l .  F ig u re  V -la  shows th e  phase  p lo t  o b ta in e d  
when th e  d a ta  was su p erp o sed  a t  th e  ex p ec ted  a p p a re n t p u ls a r  
p e r io d .  As d is c u s s e d  in  Appendix F , 2 ms w ide phase  b in s  
w ere chosen f o r  th e  f i n a l  p lo t s  due to  th e  +1 ms t im e -o f -  
a r r i v a l  u n c e r t a in ty .  In  F ig u re  V -lb  th e  d a ta  was su p erp o sed  
a t  a  p e r io d  80 ns h ig h e r  th a n  th a t  ex p ec ted  f o r  NP 0532 f o r  
th e  day o f  th e  f l i g h t .  The dashed l i n e  i s  th e  av e rag e  

























F ig u re  V - l .  (a )  2 m s/b in  phase  d iagram  o f  LER d a ta  (250 keV - 
2*3 MeV) superposed  a t  ex p ec ted  a p p a re n t p e r io d  
o f  NP 0532 f o r  epoch o f  f l i g h t  (33.112308 ms a t  
15 h 50 m 30 s UT). Dashed l in e  i s  th e  av e rag e  
o f  a l l  d a ta  p o in ts j  th e  d o t te d  l in e  i s  th e  mean 
v a lu e  o f b in s  5-13  in c lu s iv e .  E r ro r  b a rs  a r e  +
1 0 d e v ia t io n s  based  s o le ly  on co u n tin g  s t a t i s t i c s ,
(b ) S im ila r  phase  diagram  f o r  LER d a ta  superposed  
a t  a p e r io d  80 n sec  h ig h e r  th an  th e  ex p ec ted  
a p p a re n t p e r io d  o f  NP 0532.
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u s in g  th e  c o n t r ib u t io n  from a l l  th e  b in s .  The e r r o r  b a rs  
shown (+ lo  ) a r e  based  s o le ly  on co u n tin g  s t a t i s t i c s  (a s  a r e  
a l l  th e  e r r o r  b a r s  g iv e n  in  th e  f ig u re s  o f  t h i s  s e c t io n ) .
Two pronounced peaks (3 .3 a  and 2 .3 a  above background r e ­
s p e c t iv e ly )  s e p a ra te d  by 20 + 2 ms appear in  th e  d a t a .  The
e r r o r  b a rs  on each  peak  in d ic a te  th e  c o u n tin g  e r r o r  ( a =
1 /2(AVE) = 796 c o u n ts /b in )  f o r  a  s in g le  b in  o f th e  d a ta .
A lso  in d ic a te d  in  th e  g rap h  a r e  th e  ex p ec ted  a b s o lu te  main 
and in te r p u l s e  a r r i v a l  tim es f o r  th e  o p t i c a l  r a d ia t io n  from  
NP 0532, p ro v id ed  by D r. C. P a p a l io l io s  (H arvard  U n iv e r s i ty ) .  
The a r r i v a l  tim es o f  th e  two peaks ag ree  q u i te  w e ll  w ith  th e  
ex p ec ted  a r r i v a l  tim es f o r  em iss io n  from NP 0532. On t h i s  
b a s i s ,  th e  f i r s t  peak  h a s  been id e n t i f i e d  w ith  th e  in te r p u l s e  
and th e  second w ith  th e  main p u ls e .  These i d e n t i f i c a t i o n s  
a r e  a l s o  a id e d  by th e  peak  sh a p e s . The f i r s t  peak  i s  th e  
w id e r  and more in te n s e  o f  th e  tw o. The narrow ness o f  th e  
second  peak ( £ 2  ms) h e lp ed  to  id e n t i f y  i t  a s  th e  main p u ls e .  
These q u a l i t a t i v e  f e a tu r e s  a r e  s im ila r  t o  th o se  observed  by 
HILLIER e t  a l .  (1970) in  th e  en e rg y  re g io n  from  600 keV to  
9 MeV, and to  th e  p u ls e  p r o f i l e s  observed  in  th e  s o f t  and 
h a rd  X -ray re g io n s  o f  th e  p u ls e d  spectrum  o f  NP 0532 ( s e e ,  
f o r  exam ple, BRADT e t  a l . ,  1969, and SMATHERS e t  a l . ,  1971 ).
The p a r t i c u l a r  ch o ice  o f  s t a r t i n g  tim e f o r  th e  
p r e s e n t  a n a ly s is  caused  th e  in te r p u l s e  peak  to  ap p ea r f i r s t  
in  th e  phase  d iag ram , a lth o u g h  i t  i s  custom ary  to  se e  th e  
main p u ls e  le a d in g  in  m ost phase p r o f i l e  d iag ram s. The 
p u ls e  s e p a r a t io n  i s  d e f in e d  as  th e  tim e betw een th e  peak 
i n t e n s i t i e s  o f  th e  p u ls e s  when th e  main p u ls e  le a d s  in  th e  
p h ase  d iag ram . Hence, th e  observed  peak  s e p a ra t io n  o f  20 +
2 ms in  th e  p r e s e n t  p l o t  im p lie s  a  13 + 2 ms peak  s e p a ra ­
t i o n ,  in  good agreem ent w ith  th e  r e s u l t s  o b ta in e d  f o r  th e  
o p t i c a l  (LYNDS e t  a l . , 1969) and X -ray e m iss io n  from  NP 0532
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( f o r  exam ple, RAPPAPORT e t  a l . ,  1971, and BRINI e t  a l . ,
1971).
S ince  th e  o b serv ed  e f f e c t  i s  q u i te  s m a ll ,  s t a t i s t i ­
c a l  t e s t s  w ere perfo rm ed  on th e  d a ta  to  t e s t  our co n fid en ce
2
t h a t  a p u lse d  c o n t r ib u t io n  had been  se e n . A c h i- s q u a re  (x  ) 
s t a t i s t i c a l  a n a ly s is  (EVANS, p .  777) was c a r r i e d  o u t to  t e s t  
w hether th e  f lu c tu a t io n s  observed  in  th e  d a ta  co u ld  be ex ­
p la in e d  by p u re ly  s t a t i s t i c a l  v a r i a t i o n s .  The d a ta  was 
t e s t e d  a g a in s t  a model in  w hich th e re  was a c o n s ta n t  number 
o f  co u n ts  in  each  b in  e q u a l to  th e  av erag e  ( in  o th e r  w ords,
no p u lse d  c o n t r ib u t io n ,  b u t m ere ly  a  c o n s ta n t  background
2
co u n tin g  r a t e ) .  T h is x t e s t  was perfo rm ed  on each o f  th e
2
f i n a l  phase  p lo t s  r e s u l t i n g  in  a  graph  o f  x v e rsu s  o v e rla p
p e r io d .  T h is method has been u sed  by a  number o f  g roups to
se a rc h  fo r  th e  p r e c i s e  p u ls a t io n  p e r io d  o f  NP 0532 (n o ta b ly
BOLDT e t  a l . ,  1969 and DEERENBERG and BLEEKER, 1971).
R e s u lts  f o r  th e  p r e s e n t  ex p erim en t w ere o b ta in e d
over a ran g e  o f  t e s t  p e r io d s  w hich in c lu d ed  th e  ex p ec ted
a p p a re n t p e r io d  f o r  NP 0532 and a r e  g iven  in  F ig u re  V -2 . In
th e  absen ce  o f  a  p u ls e d  c o n t r ib u t io n  in  th e  d a ta ,  o r i f  th e
o v e r la p  p e r io d  i s  n o t e q u a l to  th e  a c tu a l  p e r io d  o f  p u l s a t io n ,
2th e  r e s u l t i n g  x v s .  p e r io d  d i s t r i b u t i o n  sh o u ld  be f l a t  
( s t r u c t u r e l e s s ) .  L arge v a lu e s  o f  x  , co rre sp o n d in g  to  a  bad 
f i t  o f  th e  d a ta ,  i n d ic a te  some s o r t  o f non-random  component 
in  th e  d a ta .  The d i s t r i b u t i o n  f o r  th e  p r e s e n t  experim en t 
shows a  peak  in  a  narrow  p e r io d  ran g e  w hich in c lu d e s  th e  
p e r io d  v a lu e  ex p e c ted  f o r  NP 0532 f o r  th e  epoch o f o b se rv a ­
t i o n .  The w o rs t v a lu e  (3 0 .7  a t  P = 33.112312 ms) i s  
g r e a te r  th an  those o b ta in e d  in  £98%  of d i s t r i b u t i o n s  g e n e r­
a te d  random ly f o r  15 d eg ree s  o f  freedom . T h is  can  be i n t e r ­
p r e te d  to  mean t h a t  we a r e  S  98% c o n f id e n t t h a t  a  non-random  
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F ig u re  V -2. x d i s t r i b u t i o n  f o r  th e  h y p o th e s is  o f  a  random
d i s t r i b u t i o n  o f  e v e n ts  f o r  15 d eg ree s  o f  freedom  
a s  a  fu n c tio n  o f  s u p e rp o s i t io n  p e r io d .  The 
e r r o r  b a r s  on th e  e x p e tte d  p e r io d  arrow  in d ic a te  
th e  u n c e r ta in ty  in  th e  knowledge o f  th e  a p p a re n t 
p u ls a r  p e r io d  o f  NP 0532.
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t e s t  p e r io d s  do we se e  a  peak  in  th e  ^  o f  t h i s  ty p e . This 
2X d i s t r i b u t i o n  g iv e s  f u r th e r  su p p o rt t o  th e  e x is te n c e  o f  a 
p o s i t i v e  p u lse d  c o n t r ib u t io n  in  th e  d a ta .  T h is  r e s u l t ,  by 
i t s e l f ,  i s  n o t c o n c lu s iv e  p ro o f  o f th e  p u ls a t io n  from  NP 0532 
b u t  o n ly  s u b s t a n t ia te s  th e  ev id en ce  seen  in  th e  p r o f i l e  
p h ase  p l o t s .
A lthough  th e  peak  v a lu e  o ccu rs  a t  a  p e r io d  v a lu e  
n o t  p r e c i s e ly  c o in c id e n t  w ith  th e  ex p ec ted  a p p a re n t p u ls a r  
p e r io d ,  th e  d i f f e r e n c e  i s  w ith in  th e  e r r o r  in  ou r knowledge 
o f  t h a t  p e r io d  ( in d ic a te d  by th e  e r r o r  b a rs  in  F ig u re  V -2 ) .
An in s p e c t io n  o f  th e  phase  p lo t s  f o r  any o f  th e  s y n th e s iz e r  
p e r io d  v a lu e s  w ith in  th e  p eak  re g io n  shows o n ly  m inor d i f f e r ­
en ces  in  th e  r e s u l t in g  peak  am p litu d es  and p u ls e  sh a p e s . As 
th e  s y n th e s iz e r  p e r io d  g e ts  f u r th e r  away from  th e  ex p ec ted  
p u ls a r  p e r io d ,  th e  doub le peak  p r o f i l e  c h a r a c t e r i s t i c  o f  NP 
0532 b eg in s  to  d is a p p e a r  and e v e n tu a l ly  i s  maaked by s t a t i s ­
t i c a l  background f lu c tu a t io n s .
We have checked to  make su re  t h a t  th e  peaks w ere n o t 
a c c id e n ta l ly  p roduced  by some e le c t r o n ic s  anom aly o r  by th e  
method o f  su p e rp o s in g  th e  32 ru n s . To do t h i s ,  th e  e n t i r e  
a n a ly s is  was re p e a te d  a t  a  t e s t  p e r io d  o f P = 33.113300 ms. 
T h is  in c lu d e d  r e p e a t in g  each  o f  th e  32 m u l t i s c a le r  ru n s  a t  
t h i s  p e r io d .  T h is  p e r io d  v a lu e  was chosen  b ecau se  i t  was 
s u f f i c i e n t l y  d i f f e r e n t  from  th e  ex p ec ted  p u l s a r  p e r io d  to  
make th e  t e s t  and was a  v a lu e  th a t  c o u ld  be s e t  in  th e  f r e ­
quency s y n th e s iz e r .  The f i n a l  phase d iagram  f o r  t h i s  
a n a ly s is  showed no peaks w hich c o in c id e d  w ith  th e  p u ls e  
a r r i v a l  tim es f o r  NP 0532 o r  w hich d e v ia te d  by more th a n  
+ 2 a from  th e  av e rag e  v a lu e  p e r  b in .  However, th e  j?  d i s ­
t r i b u t i o n  o b ta in e d  by re p e a t in g  th e  f i n a l  p h ase  a lig n m en t 
a t  a  number o f  t e s t  p e r io d  v a lu e s  showed a  s l i g h t  in c re a s e  
in  th e  re g io n  around  th e  p e r io d  33.113300 ms. However, th e
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e f f e c t  was n o t n e a r ly  a s  la rg e  an e f f e c t  a s  was observed  a t  
th e  ex p ec ted  p u l s a r  p e r io d .  The r e s u l t s  o f  t h i s  t e s t  
showed t h a t  no e l e c t r o n ic s  anomaly e x i s te d  w hich c o u ld
produce th e  double peak  in  th e  phase  p lo t  o r  as  la rg e  a
2p eak  as seen  in  th e  g. d i s t r i b u t i o n  f o r  th e  a c tu a l  p u ls a r
2
se a rc h  d a ta .  I t  th u s  ap p ears  t h a t  th e  peak  in  th e  X' d i s ­
t r i b u t i o n  f o r  th e  a c tu a l  p u ls a r  se a rc h  ru n s  i s  a  r e a l  e f f e c t  
and  n o t an  anomaly p roduced  by th e  e l e c t r o n ic s  o r th e  
a n a ly s is  m ethod. In  any c a s e ,  we have used  th e  $  d i s t r i ­
b u tio n  o n ly  as  su p p o r tin g  ev id en ce  f o r ,  n o t p ro o f  o f ,  a 
non-random  p u lse d  c o n t r ib u t io n  in  th e  d a ta .
To c a lc u l a t e  th e  p u lse d  c o n t r ib u t io n  i t  was assumed 
t h a t  th e  p u ls e  shapes do n o t change d r a s t i c a l l y  from  th o se  
o b serv ed  in  th e  h a rd  X -ray re g io n  ( s e e ,  f o r  exam ple, SMOTHERS 
e t  a l . ,  1971 ). Under t h i s  a ssu m p tio n , phase b in s  5 t o  13 
w ere chosen  a s  th e  n o n -p u lsed  background r e g io n ,  y ie ld in g  
a  v a lu e  o f  633,670 + 265 co u n ts  p e r  b in  a s  th e  av e rag e  non­
p u ls e d  background . S im i la r ly ,  b in s  1 to  4 in c lu s iv e  were 
d e s ig n a te d  as  th e  in te r p u l s e  peak re g io n  and b in  14 as  th e  
main peak  r e g io n . On t h i s  b a s is  th e  in te r p u l s e  p eak  c o n ta in s  
4494 + 2251 co u n ts  and th e  main peak  c o n ta in s  1845 + 1126 
c o u n ts , w hich im p lie s  a t o t a l  p u lse d  co u n t (main + i n t e r ­
p u ls e )  o f  6339 + 2517 co u n ts  and a r a t i o  o f  in te r p u l s e  in ­
t e n s i t y  to  main p u ls e  i n t e n s i t y  o f 2 .4  + 1 .9 .
T h is  m easured number o f  co u n ts  m ust be c o r r e c te d  to  
th e  to p  o f th e  a tm o sp h ere , w hich re q u ir e d  th e  fo llo w in g  
c o r r e c t io n s  to  th e  d a ta :
(1 ) C o r re c t io n s  w ere made f o r  e l e c t r o n ic s  deadtim e 
l o s s e s .  These in c lu d e d  b u f f e r  lo s s e s  in  th e  f l i g h t  e l e c ­
t r o n ic s  a s  w e ll  as  m u l t i s c a le r  dead tim e lo s s e s  o b ta in e d  in  
th e  p u ls a r  a n a ly s i s .
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(2 ) C o r re c t io n s  were made f o r  th e  a t te n u a t io n  o f
m a te r ia l  su rro u n d in g  th e  c e n t r a l  sp e c tro m e te r ;  nam ely , th e  
2
1 g/cm  th ic k  ch arg ed  p a r t i c l e  s h ie ld ,  th e  p r e s s u re  sp h ere  
( * '0 .2  g/cm t h i c k ) ,  and th e  foam in s u l a t i o n  su rro u n d in g  th e  
p r e s s u re  sp h e re .
(3 ) A c o r r e c t io n  was made f o r  a tm o sp h eric  a t te n u a ­
t i o n .  In  c a lc u l a t i n g  th e  t h i r d  c o r r e c t io n ,  th e  co u n ts  a t  a
2 2 d ep th  o f  3 .5  g/cm  w ere c o r r e c te d  to  ze ro  g/cm  a tm o sp h eric
d ep th  assum ing t h a t  th e  d e te c to r  was p o s i t io n e d  a t  an av e rag e
z e n i th  an g le  (from  th e  v e r t i c a l )  o f '*'30° th ro u g h o u t th e  d a ta
i n t e r v a l .  (T h is an g le  a c tu a l ly  v a r ie d  from  ab o u t 45° to  12°
d u rin g  th e  i n t e r v a l ) . The a tm o sp h eric  th ic k n e s s  betw een NP
0532 and th e  d e te c to r  was o b ta in e d  from  th e  c a lc u la t io n s  o f
o
PRESSLY (1953) f o r  an a tm o sp h eric  d ep th  o f  3 .5  g/cm  ( ** 38 .2
km) and z e n i th  a n g le  £ = 3 0 ° . T h is th ic k n e s s ,  ~  4 g/cm  ,
was th e n  u sed  in  th e  gamma ra y  a t te n u a t io n  c a l c u l a t i o n .  The
a tm o sp h eric  a t te n u a t io n  was c a lc u la te d  f o r  a pho ton  energy
o f * '6 2 0  KeV, w hich i s  th e  w eig h ted  mean energy  o f  th e  LER
_2re g io n  u s in g  an E y  w e ig h tin g  f u n c t io n .
The tim e -av e ra g e d  p u ls e d  pho ton  f lu x  was o b ta in e d  
from  th e  e q u a tio n :
F(LER) = ^ aT c o r r  p ho tons cn f^ se c  \  V -l
th e  sum o f  th e  o b serv ed  main and in te r p u l s e  
c o u n ts ,
f a c t o r  w hich c o r r e c t s  d a ta  to  ze ro  g/cm  
a tm o sp h eric  d ep th  (1 .6 0 ) ,
av e rag e  w eig h ted  d e te c t io n  e f f ic ie n c y  f o r  
ph o to n s in  th e  LER (se e  A ppendix C ) ,
e f f e c t i v e  sp e c tro m e te r  a r e a  p re s e n te d  to  NP 
0532 d u r in g  d a ta  i n t e r v a l  ( ^ 6 7 0  cm ?),
t o t a l  d a ta  accu m u la tio n  tim e u sed  in  p u ls a r  
a n a ly s i s  (12 ,000  s e c ) .
where N , obs





U sing e q u a tio n  V -l th e  tim e-av e rag ed  p u lse d  f lu x  
from  250 keV to  2 .3  MeV was found to  be
F or com parison w ith  o th e r  m easurem ents o f  NP 0532 i t  i s  
co n v e n ien t to  c o n v e rt t h i s  pho ton  f lu x  in to  an  energy  f l u x ,  1(E)
tim e no s p e c t r a l  in fo rm a tio n  had been  o b ta in e d  from  th e  d a ta .  
No s p e c t r a l  shape was assumed in  making t h i s  c a l c u l a t i o n .  
I n s te a d ,  an av e rag e  p u ls e d  pow er, w hich would g iv e  th e
observed  i n t e g r a l  p u lse d  pho ton  f lu x  in  th e  LER energy  
r e g io n , was c a lc u l a te d .  The av e rag e  energy  f lu x  i s  d e f in e d
where and a r e  th e  low er and upper th re s h o ld  e n e rg ie s  
r e s p e c t iv e ly  f o r  th e  LER.
Thus,
F(LER) = (1 .4 4  + 0 .5 7 )x l0 " ^  pho tons cm 2 s e c ” *'
o
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N O T V-2
From e q u a tio n  V-2 we o b ta in e d
IAVE(LER) = (6 .4 9  + 2 .5 7 )x l0 " 4 keV cm"2 s e c " 1 keV- 1 .
These r e s u l t s ,  v a l id  in  th e  energy  re g io n  250 ReV -
2 .3  MeV w ere p u b lis h e d  by th e  a u th o r  and co -w orkers (ORWIG 
e t  a l . ,  1971).
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5 .2  S p e c t r a l  R e su lts  f o r  E n e rg ie s  > 250 keV
F ollow ing  th i s  i n i t i a l  su ccess  w ith  th e  m easurement 
o f  a  p o s i t iv e  c o n t r ib u t io n  in  one energy  window, i t  was de­
c id e d  to  su b d iv id e  t h i s  en e rg y  i n t e r v a l  in  an  a tte m p t to  
o b ta in  s p e c t r a l  in fo rm a tio n . A lso , th e  se a rc h  was ex tended  
to  e n e rg ie s  > 2 . 3  MeV u s in g  th e  HER p u ls e  h e ig h t  d a ta  ob­
ta in e d  on th e  same f l i g h t .  The LER was th e r e f o r e  su b d iv id ed  
in to  two s e p a ra te  energy  b in s ,  LER A (250 keV -  725 fceV) 
and LER B (725 keV -  2 .3  MeV). The d iv is io n  was made a t  an 
energy  o f  725 keV fo r  two re a s o n s :  (1 ) s u b d iv is io n  a t  t h i s
energ y  would y ie ld  ap p ro x im a te ly  eq u a l co u n tin g  r a t e s  f o r  
LER A and LER B, r e s u l t in g  in  s im i la r  s t a t i s t i c a l  accu racy  
f o r  each  energy  b in ,  and (2 ) s u b d iv is io n  a t  t h i s  en e rg y  was 
ea sy  to  accom plish  in s t ru m e n ta l ly  w ith  th e  p u ls e  h e ig h t  d e­
cod ing  e l e c t r o n i c s .  LER A th u s  r e p re s e n te d  ch an n e ls  0 to  63 
in c lu s iv e  o f  th e  LER p u ls e  h e ig h t  sp ec tru m , w h ile  LER B 
c o n s is te d  o f ch a n n e ls  64 to  250. The HER p u ls e  h e ig h t  i n ­
fo rm a tio n  was t r e a t e d  a s  an i n t e g r a l  r a t e  above 2 .3  MeV.
W ith t h i s  s u b d iv is io n , th r e e  s p e c t r a l  p o in ts  co u ld  be ob­
ta in e d  in  th e  re g io n  above 250 keV. In  a d d i t io n  to  th e s e  
en e rg y  i n t e r v a l s ,  a sm all window ab o u t th e  511 keV a n n i h i l ­
a t io n  l i n e  re g io n  was a l s o  chosen  to  s e a rc h  fo r  an  enhanced 
p u lse d  c o n t r ib u t io n  due to  a n n ih i la t io n  r a d i a t i o n .  T h is 
window ex tended  from  450 keV to  550 keV ( th e  f u l l  w id th  a t  
o n e - te n th  maximum p o in ts  o f  th e  p h o to p eak  re sp o n se  cu rv e  f o r  
511 keV r a d i a t i o n . )
A com plete  s u p e rp o s i t io n  a n a ly s i s ,  e x a c t ly  s im i la r  
to  t h a t  d e s c r ib e d  above f o r  th e  LER s e a r c h ,  was re p e a te d  fo r  
each  o f  th e  fo u r  s e p a ra te  en e rg y  i n t e r v a l s .  F ig u re s  V-3 
th ro u g h  V-6 show th e  phase diagram s o b ta in e d  a t  a  s y n th e s iz e d  
p e r io d  o f  33.112312 ms and a t  an  o f f - p e r io d  v a lu e  f o r  each
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F ig u re  V -3. ( a )  2 ms /b in  phase  d iag ram  f o r  LER A energy  b in
(250 keV - 725 keV), su p erp o sed  a t  a p p a re n t p e r io d  o f  33.112312 
ms. S o lid  l i n e  (AVE) i s  th e  av e rag e  o f  a l l  d a ta  p o in ts ;  th e  
dashed  l i n e  i s  th e  mean o f b in s  5-12 in c lu s iv e .  E r ro r  b a r s  
(+ le )  on dashed l in e  g iv e  th e  e r r o r  in  th e  no n -p tilsed  background 
due to  c o u n tin g  s t a t i s t i c s .  E r ro r  b a r s  (+I0 ) on peaks a re  
s in g le  ch an n e l e r r o r s  due to  co u n tin g  s t a t i s t i c s .  Arrows i n ­
d ic a te  o p t i c a l  p u lse  a r r i v a l  lo c a t io n s ,  (b ) S im ila r  phase 
d iag ram  fo r  an o f f - p e r io d  s u p e rp o s i t io n .  E r ro r  b a r s  a re  + le  
d e v ia t io n s  in  AVE due to  c o u n tin g  s t a t i s t i c s .
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F ig u re  V -4. ( a )  2 m s/b in  phase diagram  f o r  LER B energy  b in
(725 keV -  2 .3  MeV) superposed  a t  a p p a re n t p e r io d  o f  33.112312 
ms. S o lid  l i n e  (AVE) i s  average  o f  a l l  d a ta  p o in t s .  E r ro r  
b a r s  a r e  +lo d e v ia t io n s  in  AVE and s in g le  ch an n e l co u n ts  due 
to  c o u n tin g  s t a t i s t i c s .  Arrows in d ic a te  o p t i c a l  p u ls e  a r r i v a l  
lo c a t io n s ,  (b )  S im ila r  p h ase  d iagram  f o r  an o f f - p e r io d  
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F ig u re  V -5. (a )  2 m s/b in  phase  d iagram  fo r  HER energy  b in
( > 2 . 3  MeV) superposed  a t  a p p a re n t p e r io d  o f 33.112312 ms. 
S o l id  l i n e  (AVE) i s  av e rag e  o f  a l l  d a ta  p o in t s .  E r ro r  b a rs  
a r e  + lo  d e v ia t io n s  in  AVE and s in g le  ch an n e l co u n ts  due to  
co u n tin g  s t a t i s t i c s .  Arrows in d ic a te  o p t i c a l  p u ls e  a r r i v a l  
lo c a t io n s ,  (b ) S im ila r  phase d iagram  f o r  an o f f - p e r io d  
s u p e rp o s i t io n .
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Pulsar P hase (ms)
F ig u re  V -6. (a )  2 m s/b in  p h ase  d iagram  f o r  0 .5  MeV p h o to ­
p eak  re g io n  (450 keV -  550 keV) superposed  a t  a p p a re n t p e r io d  
o f 33.112312 ms. S o lid  l i n e  (AVE) i s  av e rag e  o f  a l l  d a ta  
p o i n t s .  E r r o r  b a rs  a r e  +lo d e v ia t io n s  in  AVE and s in g le  
ch a n n e l co u n ts  due to  c o u n tin g  s t a t i s t i c s .  Arrows in d ic a te  
o p t i c a l  p u ls e  a r r i v a l  lo c a t io n s ,  (b ) S im ila r  phase d iagram  
f o r  an o f f - p e r io d  s u p e rp o s i t io n .  j
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en erg y  b ln .  F ig u re  V-7 c o n ta in s  th e  j£ v s .  t e s t  p e r io d  
d i s t r i b u t i o n  o b ta in e d  f o r  each  o f  th e  fo u r  en e rg y  I n t e r v a l s .  
To p ro v id e  a  c o n s is te n t  approach  to  th e  a n a ly s is  o f  th e s e  
energ y  I n t e r v a l s ,  th e  phase  d iagram s a t  a p e r io d  o f  33.112312 
ms w ere chosen as  th e  most r e p r e s e n ta t iv e  p l o t s .  Phase 
p lo t s  a t  t h i s  p a r t i c u l a r  p e r io d  v a lu e  w ere p ic k ed  b ec au se ,
(1 ) th e  peak  in  th e  LER x  d i s t r i b u t i o n  o cc u rred  a t  t h i s  
p e r io d ,  and (2 ) w ith in  th e  e r r o r  o f  our p e r io d  c a l c u l a t i o n s ,  
t h i s  v a lu e  i s  e q u iv a le n t  to  th e  a p p a re n t p e r io d  o f  NP 0532.
What i s  im m edia te ly  n o t ic e a b le  from  v iew ing  th e  
com plete  s e t  o f  phase d iagram s (n o t shown h e re )  f o r  th e s e  
su b d iv id e d  en e rg y  in t e r v a l s  i s  th e  h ig h  d eg ree  o f  v a r i a b i l ­
i t y  in  th e  phase  p r o f i l e s ,  ex cep t f o r  th e  LER A d a ta .  T h is 
i s  a  r e s u l t  o f  th e  d e c re a se  in  s ig n a l  to  background f o r  th e  
IJ3R B, 0 .5  MeV and HER i n t e r v a l s .  T h is  i s  ev id en ced  by th e  
f a c t  t h a t  th e  p h ase  d iagram s v a ry  a g r e a t  d e a l  depending  on 
how th e  ch an n e l g ro u p in g  was perfo rm ed  to  o b ta in  th e  2 m s/b in  
p h ase  p l o t s .  H ence, th e  p u ls e  shape in fo rm a tio n  i s  much le s s  
d e f i n i t i v e  th a n  o b ta in e d  f o r  th e  in t e g r a l  LER window.
As F ig u re  V-7 show s, th e r e  i s  no s tro n g  ev id en ce  in
2
th e  x d i s t r i b u t i o n  f o r  n o n s t a t i s t i c a l  f lu c tu a t io n s  a t  th e  
ex p e c te d  a p p a re n t p u ls a r  p e r io d  f o r  th e  LER B, HER, o r 0 .5  
MeV d a ta .  In  th e  d i s t r i b u t i o n  f o r  LER A, how ever, a  peak
does ap p e a r n e a r  th e  ex p ec ted  p u ls a r  p e r io d .  The peak  has
2i t s  maximum t  v a lu e  a t  a  p e r io d  o f  33.112312 ms, in  a g re e ­
ment w ith  th e  p re v io u s  r e s u l t s  f o r  th e  LER. The ^  v a lu e  o f  
35 .6  a t  P = 33.112312 ms r e p re s e n ts  a « 0 .1 %  chance t h a t  th e  
LER A d a ta  c o u ld  be e x p la in e d  by norm al s t a t i s t i c a l  f lu c tu a ­
t i o n s .  T h is  in d ic a t io n  i s  confirm ed  by th e  p h ase  d iag ram  
w hich shows c l e a r l y  th e  two p e a k s , a  4 .0«  in te r p u l s e  and 
a  3 .1a  main p u l s e .  A lthough  th e  a b s o lu te  tim e a lig n m en t i s  
n o t  q u i te  as good as th e  LER c a se  ( th e  peaks ap p ea r to  be
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F ig u re  V -7. x d i s t r i b u t i o n s  o b ta in e d  f o r  LER A, LER B, HER, 
and 0 .5  MeV energy  b in s  on th e  h y p o th e s is  o f a  random d i s t r i ­
b u tio n  o f  e v e n ts  f o r  15 d eg rees  o f  freedom  (50% l i n e ) .  Note 
th e  d i f f e r e n c e  in  v e r t i c a l  s c a le  on th e  LER A p l o t .  A x^ o f 
30 r e p re s e n ts  :S 2% chance t h a t  th e  d a ta  can be e x p la in e d  by 
random e v e n ts .  The e r r o r  b a rs  on th e  ex p ec ted  ap p a re n t 
p e r io d  arrow  f o r  NP 0532 in d ic a te  th e  u n c e r ta in ty  in  th e  
knowledge o f  t h i s  q u a n t i ty .
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s h i f t e d  2 ms tow ard e a r l i e r  t im e s ) ,  th e  p u lse  s e p a ra t io n  i s  
s t i l l  found to  be 13 + 2 ms.
From th e  LER A p h ase  p l o t ,  ch an n e ls  5 to  12 in c lu s iv e  
w ere chosen as  th e  n o n -p u lsed  background re g io n . B ins 1-4 
w ere s e le c te d  as th e  in te r p u l s e  r e g io n , w ith  b in  13 b e in g  
th e  main p u ls e  r e g io n . These c h o ic e s  f o r  th e  peak  re g io n s  
gave 2657 + 1802 co u n ts  and 1960 + 901 co u n ts  f o r  th e  i n t e r ­
p u ls e  and main p u ls e  r e s p e c t iv e ly .  The t o t a l  p u lse d  a r e a  i s  
4617 + 2015 co u n ts  and th e  i n t e n s i t y  r a t i o  o f in te r p u l s e  to  
main p u ls e  i s  c a lc u la te d  to  be 1.36 + 1 .1 1 . U sing e q u a tio n s  
an a lag o u s to  V -l and V-2 (w ith  = 0 .9 0  re p la c in g  P ^ , f c o r r  = 
1 .8 3 , NQbg = 4617 + 2015 c o u n ts , and th e  o th e r  p a ram e te rs  
th e  sam e), th e  tim e-av e rag e d  p u lse d  pho ton  f lu x  from  250- 
725 keV was found to  be
F(LER A) = (1 .2 0  + 0 .5 2 )x  10”3 pho tons cm"2 sec"*-
and th e  av e rag e  p u lse d  pow er,
Ia v e (LER A) = (1 .1 4  + 0 .5 0 )x  10"3 keV cm-2  s e c ’ 1 keV- 1 .
These r e s u l t s  a re  l i s t e d  in  T ab le  V - l .
A lthough th e  LER B p h ase  p l o t  c o n ta in s  some in d ic a t io n  
o f  a sm a ll c o n t r ib u t io n  a t  th e  p ro p e r  a b s o lu te  t im e s , th e re
i s  no c o n t r ib u t io n  above 2o in  th e  e n t i r e  ex p ec ted  i n t e r -
2p u ls e  re g io n . The % d i s t r i b u t i o n  does n o t in d ic a te  th e  
p re se n ce  o f  any u n u su a l f l u c t u a t i o n s .  A lso , th e  sum o f  th e  
c o n t r ib u t io n s  in  th e  ex p e c te d  peak  re g io n s  i s  l e s s  th a n  a 
2o  e f f e c t .  C o n seq u en tly , th e  r e s u l t s  f o r  t h i s  energy  b in  
i a r e  r e p o r te d  as upper l im i t  f lu x e s .
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The 2o upper l i m i t  f lu x  v a l id  a t  z e ro  a tm o sp h eric  
d ep th  i s  g iv en  by
p g  2.*£  ■ (nfN*,—) 1^2 exp(pd) pho tons cm"2 s e c " 1 , V-3
a p 3t  AVE
where F * th e  u p p er l i m i t  photon f lu x  in  th e  LER B en erg y  
i n t e r v a l ,  A = th e  e f f e c t i v e  c r y s t a l  a r e a  fa c in g  th e  s o u rc e ,
= th e  av e rag e  d e te c t io n  p r o b a b i l i ty  f o r  LER B (0 .6 8  from 
A ppendix C ), T = th e  le n g th  o f th e  d a ta  i n t e r v a l  (12 ,000  s e c ) ,  
n -  th e  number o f  phase  b in s  chosen  a s  th e  t o t a l  peak re g io n  
( 5 ) ,  * th e  av erag e  number o f  c o u n ts /b in  from  th e  LER B
phase  d iagram  a t  P ■= 33.112312 ms, and f  * th e  c o r r e c t io n  
f a c t o r  f o r  deadtim e lo s s e s  and a t te n u a t io n  in  th e  su rro u n d ­
in g  m a te r ia l  ( 1 .2 ) .  The term  e w^  c o r r e c t s  th e  u p p er l im i t  
o b ta in e d  a t  3 .5  g/cm  a tm o sp h eric  d ep th  to  th e  to p  o f  th e  
a tm o sp h ere . H ere , u i s  th e  a t te n u a t io n  c o e f f i c i e n t  (0 .0 5 7  
cm /g )  f o r  p ho tons o f energ y  e q u a l to  th e  mean energy  o f  
th e  LER B in t e r v a l  ( * 1 . 2  MeV), and 3 i s  th e  av e rag e  atm os­
p h e r ic  th ic k n e s s  ( *  4 g/cm 2) between th e  d e te c to r  and th e  
Crab N ebula. The tim e -av e ra g e d  p u lse d  power i s  th e n  g iv e n  by
TAVE *  l n ^ / E ^  keV cm' 2 gec ' 1 keV' 1 V’ 4
w here F i s  g iv e n  by e q u a tio n  V-3^ and E ^, E2 a r e  th e  low er 
and u p p er energ y  th re sh o ld s  f o r  LER B (725 keV and 2 .3  MeV 
r e s p e c t i v e l y ) . The r e s u l t i n g  u p p er l im i t  f lu x e s  a re  shown 
in  T ab le  V - l .
The HER phase d iag ram  shows s tro n g  ev id en ce  o f  a 
doub le  peak  o c c u rr in g  a t  th e  p ro p e r  a r r i v a l  tim es f o r  p u lse d  
em iss io n  from NP 0532. A lso , th e  p u ls e  shape f e a tu r e s  a r e  

















250 KEV -  2 .3  HeV (1.44 + 0.57)xl0"3 (6.49 + 2.57)xl0- **
250 keV -  725 keV (1.20 + 0.52)xl0-3 (1.14 *  0 .5 0 )x l0 '3
725 keV -  2 .3  HeV < 7.85x10^ < 6.79X10'*1
> 2 .3  HeV < 8.60x10^ I(E )<1.97 x10*3/E(HeV)
or 2.28x10"** 
(from 2.3  -  100 HeV)
450 keV -  550 keV 1  5.28X10"11
vOUi
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o b se rv ed  f o r  NF 0532, However, n e i th e r  peak  ex ten d s  2ci 
o r more above th e  av e rag e  number o f c o u n ts /b in .  T h is f a c t  
i s  su p p o rted  by th e  la c k  o f a  f e a tu r e  in  th e  d i s t r i b u t i o n  
a t  o r  n e a r  th e  p e r io d  33.112312 ms, a s  seen  in  F ig u re  V -7 . 
A lthough th e  in d ic a t io n  o f  a  p o s i t iv e  p u lse d  c o n t r ib u t io n  i s  
q u i te  s tro n g  from  th e  HER phase d iag ram , th e  e f f e c t  i s  <  2 a  
and ca n n o t be s t r o n g ly  su p p o rted  s t a t i s t i c a l l y .  We have a r ­
b i t r a r i l y  chosen th e  2° , o r  95% co n fid e n ce  l e v e l ,  as  th e  
d iv id in g  l i n e  betw een a yes o r no d e c is io n  on th e  p re sen ce  
o f  a  so u rce  c o n t r ib u t io n  in  t h i s  t h e s i s .  A dhering to  t h i s  
c h o ic e , we have q uo ted  th e  HER r e s u l t  as  an upp er l im i t  a t  
th e  2o l e v e l .
The HER r e p r e s e n ts  an in t e g r a l  energy  i n t e r v a l  ex ­
te n d in g  above 2 .3  MeV. An e q u a tio n  analogous to  e q u a tio n
V-3 was used  to  o b ta in  th e  upper l im i t  i n t e g r a l  p u lsed
photon f lu x  above 2 .3  MeV. To o b ta in  th e  c o r r e c t io n  to  
2
ze ro  g/cm  a tm o sp h eric  d e p th , th e  a t te n u a t io n  c o e f f i c i e n t  
f o r  a  photon  en e rg y  o f  8 .9  MeV was assumed to  h o ld  f o r  th e  
e n t i r e  HER. The r e s u l t s  o f  t h i s  c a lc u la t io n  a r e  a ls o  shown 
in  T ab le  V - l .  To o b ta in  th e  av erag e  p u lse d  power upper 
l i m i t ,  two methods were ch o sen . The n e c e s s i ty  f o r  methods 
o th e r  th a n  t h a t  u sed  f o r  th e  LER B d a ta  can be seen  from  
e q u a tio n  V -4. S in ce  th e  HER i s  an i n t e g r a l  ch an n e l e x te n d ­
in g , in  p r i n c ip l e ,  to  E -  co , a  c a lc u la t io n  o f  f o r  th e
HER would r e q u ir e  th e  c h o ic e  ■ 60 w hich im p lie s  ^ ^ (H E R )*  
0 . However, we know t h a t  th e  u se  o f  an  av erag e  v a lu e  f o r  
1(E) in  an  unbounded en e rg y  in t e r v a l  i s  m ean in g le ss . Hence, 
o th e r  ap p ro ach es a re  n eed ed .
The f i r s t  e s t im a te  assumes t h a t  th e  p u ls e d  power spec 
trum  v a r ie s  a s  a  power law  in  energ y  w ith  a  s p e c t r a l  in d ex  
o f  - 1 .0  (l(E )dE  * kE *dE ). Knowing th e  u p p er l im i t  p u lse d  
photon f lu x  we can  c a lc u l a t e  th e  maximum v a lu e  o f  k from
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th e  r e l a t i o n
CO
F<E>V  ■ I  ^ d£,
o r F(E>Eq ) = k E"2dE = k /E Q,
where Eq = 2 .3  MeV. From th e  HER u p p er l i m i t  pho ton  f lu x  
we o b ta in  k  S  1 ,97  x 10 ^ keV cm 2 sec"'*' keV .
The second method u se s  th e  f a c t  t h a t  th e re  i s  an 
e f f i c ie n c y  r o l l o f f  f o r  th e  p r e s e n t  d e t e c to r .  We can th e re  
fo re  u se  an e f f e c t i v e  u p p er en e rg y  e f f i c ie n c y  c u to f f  in  
e q u a tio n  V -4. U sing th e  cu rv e  from  F ig u re  F -3 , t h i s  
en e rg y  was chosen  to  be 100 MeV. U sing t h i s  c h o ic e  f o r  
E^ in  e q u a tio n  V-4 g iv e s
from  2 .3  MeV t o  100 MeV. N ote t h a t  th e s e  two upper l im i t s  
a g re e  a t  th e  mean energy  o f  th e  i n t e r v a l  ( ^  9 MeV).
In  th e  s e a rc h  f o r  an enhancem ent a t  th e  0 .5  MeV 
a n n ih i l a t io n  l i n e  re g io n  no ev id en ce  was found from  e i t h e r
c o n t r ib u t io n  above s t a t i s t i c a l  f l u c tu a t io n s ,  2a upper 
l im i t s  were c a lc u la te d  u s in g  e q u a tio n  V-3 w ith  a pho topeak  
d e te c t io n  e f f i c ie n c y  a t  0 .5  MeV = 0 .7 8 6 , and w ith  E^ = 450 
keV and E£ = 550 KeV. Note t h a t  t h i s  upper l i m i t  i s  con­
s i s t e n t  w ith  th e  p o s i t iv e  m easurem ents in  LER A (see  T able V - l ) .
Ia v e(HER) <  2 .2 8  x 10"4 keV cm"2 s e c " 1 keV’ 1
2th e  p h ase  d iag ram  o r th e  x ' d i s t r i b u t i o n  f o r  a  m easurab le
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5 .3  D isc u ss io n  o f R e su lts
The p r e s e n t  s p e c t r a l  m easurem ents f o r  NP 0532 a re
p lo t t e d  In  F ig u re  V-8 a lo n g  w ith  p re v io u s  m easurem ents by
o th e r  g ro u p s . I t  I s  Im m ediate ly  obvious t h a t  th e  p r e s e n t
r e s u l t s  a r e  I n c o n s is te n t  w ith  th o se  o f  HILLIER e t  a l .  (1 9 7 0 ).
Our r e s u l t s  a r e  n e a r ly  an o rd e r  o f  m agnitude below h i s  i f
o
h i s  r e s u l t s  a r e  e x t r a p o la te d  to  our LER re g io n . A x 
s t a t i s t i c a l  t e s t  o f  o u r d a ta  u s in g  a  two peak  model w ith  
th e  peak  shapes th e  same as  th o se  in  th e  X -ray  re g io n  has 
shown t h a t  th e r e  i s  « 0 .0 1 %  chance th a t  th e  p r e s e n t  d a ta
would a llo w  a  p u lse d  pho ton  f lu x  as  h ig h  as  HILLIER q u o te s .
-0  7Note t h a t  in  h i s  r e s u l t s  th e  E * s p e c t r a l  shape shown in  
th e  f ig u re  was assum ed, n o t m easured , s in c e  h is  d e te c to r  
o n ly  m easured an  i n t e g r a l  r a t e  betw een 600 keV and ~  9 MeV 
(HILLIER e t  a l . ,  1970). In  f a c t ,  h i s  d a ta  would im ply th a t  
th e  p u lse d  component o f  th e  t o t a l  Crab N ebula em iss io n  re p ­
r e s e n ts  th e  e n t i r e  em iss io n  above *>500 keV. The p re s e n t  
ex p erim en t m easured a  p u lse d  em iss io n  o n ly  up to  725 keV, 
and th e  r e s u l t s  a re  n o t in c o n s is te n t  w ith  an e x t r a p o la t io n  
o f  th e  p u lse d  m easurem ents a t  low er e n e rg ie s  w ith  no change 
in  s p e c t r a l  in d e x . However, we can n o t ex c lu d e  a  p o s s ib le  
f l a t t e n i n g  o f  th e  p u ls e d  spectrum  above 725 keV from  th e  
p r e s e n t  d a ta .  We c a n , how ever, c a lc u l a te  a  minimum v a lu e  
w hich th e  s p e c t r a l  in d ex  can  have and s t i l l  be c o n s is te n t  
w ith  ou r u p p er l im i t s  above 725 keV. An energy  f lu x  sp ec­
trum  as f l a t  as 1(E) = 6E keV/cm^ se c ” -^ keV ^ above 725 
keV would be c o n s i s te n t  w ith  th e  p r e s e n t  d a ta .  T h is  would 
im ply a sh a rp  b re a k  in  th e  p u lse d  sp ec tru m , and ap p e a rs  
h ig h ly  u n l ik e ly  becau se  i t  would be in c o n s is te n t  w ith  th e  
h ig h  energy  u p p er l i m i t  m easurem ent o f  SHARE e t  a l .  (1971) 
and a  p o s i t iv e  o b se rv a tio n  by BROWNING e t  a l .  (1971) u n le s s
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F ig u re  V -8 . M easurem ents o f  th e  tim e -a v e ra g e  p u ls e d  energy  f lu x  from  NP 0532. The spectrum  
shape was assum ed and n o t m easured in  r e s u l t s  o f  HILLIER e t  a l .  (1 9 7 0 ). V e r t i c a l  e r r o r  b a rs  
on r e s u l t s  o f  p r e s e n t  ex p erim en t r e p r e s e n t  +1° e r r o r s  due t o  c o u n tin g  s t a t i s t i c s ;  th e  h o r i ­
z o n ta l  b a r s  in d ic a te  th e  e x te n t  o f  th e  en e rg y  b in .  A lso  shown f o r  com parison  i s  th e  b e s t  
ap p ro x im atio n , t o  th e  sp ec tru m  o f  th e  s te a d y  Crab em iss io n  up t o **500 keV. (HAYMES e t  a l ,  
1968 ; GRADER e t  a l . ,  196 6 ).
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a q u ic k  s te e p e n in g  o f th e  spec trum  o c c u rs . Note t h a t  th e  
e a r l y  sp a rk  cham ber m easurem ents by KINZER e t  a l .  (1970) In  
w hich a  p o s i t i v e  c o n t r ib u t io n  was re p o r te d  have been r e v is e d  
by th e  a u th o rs  to  an  u p p er l im i t  (SHARE e t  a l . ,  1971) a s  in ­
d ic a te d  on th e  g ra p h . T h is  upper l i m i t  r e s u l t e d  from  a  
r e p p a t  o f  th e  d a ta  a n a ly s is  u s in g  a  sm a lle r  a n g u la r  window 
ab o u t th e  d i r e c t io n  o f  th e  Crab N ebu la . Very r e c e n t  meas­
u rem en ts o f  th e  p u lse d  em iss io n  o f  NP 0532 by VASSEUR e t  a l .  
(1971) a re  c o n s is te n t  w ith  th e  p u b lis h e d  r e s u l t s  above 50 
MeV. They saw a  sm a ll p u ls e d  e f f e c t ,  b u t below  th e  2<» 
l e v e l ,  and th e r e f o r e  quo ted  t h e i r  r e s u l t s  a s  an u p p er l i m i t .
Above 725 keV our d a ta  i s  e n t i r e l y  c o n s i s te n t  w ith  
th e  m easurem ents o f  KURFESS (1971), whose experim en t was 
n e a r ly  i d e n t i c a l  to  th e  p r e s e n t  one , th e  m ajor d i f f e r e n c e  
b e in g  th e  f a c t  t h a t  he has ~  15 h r s  o f  d a ta  v iew ing  th e  Crab 
N ebula compared to  ou r 4 h r s .  However, th e  p r e s e n t  m easure­
ment in  th e  re g io n  from  250-725 keV (LER A) does n o t ag ree  
w ith  KURFESS* r e s u l t s  f o r  h i s  lo w est energy  b in  (100-400 
keV ). H is p o s i t iv e  o b s e rv a tio n  i s  h ig h e r  th a n  ours and i s  
a l s o  h ig h e r  th an  th e  r e s u l t s  o f  FISHMAN e t  a l .  (1969b) in  
th e  same energy  r e g io n .  However, FISHMAN'S r e s u l t s  w ere 
u n c o r re c te d  f o r  d e te c to r  e f f i c i e n c y .  Note t h a t  th e  r e s u l t s  
o f  KURFESS a l s o  in d ic a te  t h a t  HILLIER's r e s u l t  i s  anom alously  
h ig h .
As m entioned e a r l i e r ,  th e  in te r p u l s e  t o  main p u ls e  
i n t e n s i t y  r a t i o  f o r  the.LER energ y  i n t e r v a l ,  250 keV to  2 .3  
MeV, i s  2 .4  + 1 .9 .  T h is i s  c o n s i s te n t  w ith  th e  t r e n d  tow ard 
a more in te n s e  in te r p u l s e  p eak  a s  th e  pho ton  energy  in c re a s e s  
(se e  T ab le  1 - 1 ) .  T h is  i s  l a r g e r  th a n  th e  v a lu e  observed  
below  100 keV and i s  f u r th e r  ev id en ce  th a t  th e  spectrum  of 
th e  r a d ia t io n  co m p ris in g  th e  in te r p u l s e  peak  i s  h a rd e r  th a n  
t h a t  f o r  th e  p r im a ry  p ea k .
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N ote th a t  above 600 keV no m easurem ents o f  th e  
s te a d y  Grab em issio n  e x i s t .  In  f a c t ,  above 100 keV th e  
p u lsed  f lu x  i s  more a c c u r a te ly  measured th an  th e  t o t a l  
e m iss io n . In  o rd e r  to  make a  s ta te m e n t abou t th e  f r a c t io n  
o f  em iss io n  of th e  t o t a l  Crab f lu x  fo r  ou r p u lsed  f lu x  r e ­
s u l t s ,  we must make an  assum ption  ab o u t th e  s te a d y  Crab
f lu x .  We have assum ed th a t  th e  s te ad y  Crab f lu x  co n tin u e s
-2 2 -2 -1  -1  t o  fo llo w  th e  spectrum  10 E * photon cm sec keV
above 500 keV. On t h i s  b a s is  our p u lse d  f lu x  from  250 to  
725 keV r e p re s e n ts  15.2% + 6 . 6% of th e  t o t a l  C rab f lu x .
T h is  i s  ro u g h ly  e q u iv a le n t t o  t h a t  observed  in  th e  h a rd  X- 
ra y  re g io n s  below 100 keV, b u t d is a g re e s  w ith  th e  r e s u l t  
g iv en  by KURFESS (1971) from 100 to  400 keV. To see  how th e  
p re s e n t  r e s u l t s  compare to  th e  p rev io u s  m easurem ents, T ab le  
1-1  g iv e s  an u p - to -d a te  l i s t i n g  o f th e  p u b lish ed  in fo rm a tio n  
on th e  c h a r a c t e r i s t i c s  o f  NP 0532. W ith reg a rd  to  th e  r a t i o  
o f  in te r p u l s e  i n t e n s i t y  to  m ain p u lse  i n t e n s i t y ,  th e  p re s e n t  
r e s u l t  i s  in  agreem ent w ith  th e  g e n e ra l p a t te r n  tow ard an 
in c re a s in g  r a t i o .  A lso , th e  LERA r e s u l t  o f 1 .36  + 1.11 i s ,  
w ith in  s t a t i s t i c a l  e r r o r ,  in  agreem ent w ith  t h i s  t r e n d .  How­
e v e r ,  ou r r e s u l t s  f o r  th e  p e rc e n ta g e  o f  th e  t o t a l  Crab r a d i a ­
t i o n  t h a t  i s  p u lsed  ap p ear to  d is a g re e  w ith  th e  t r e n d .  The 
p re s e n t  r e s u l t s  would p r e d ic t  a  l e v e l l in g  o f f  o f  th e  p e r ­
ce n tag e  p u lse d  f lu x  in  c o n t r a d ic t io n  to  th e  r e s u l t s  o f 
SMATHERS e t  a l .  (1971) and KURFESS (1 9 7 1 ).
However, th e  m arg in a l s t a t i s t i c s  in  th e  p re s e n t  
ex p erim en t fo rc e  u s to  be v e ry  c o n s e rv a tiv e  when d e t a i l e d  
In fo rm a tio n , o th e r  th a n  j u s t  th e  e x is te n c e  o f a  p u lsed  
com ponent, i s  so u g h t. T his i s  ev idenced  by th e  la rg e  s t a t i s ­
t i c a l  e r r o r s  a t t r i b u t e d  to  th e  r e s u l t s .  We can th e r e fo r e  
n o t a t t a c h  a  g re a t  d e a l  o f s ig n i f ic a n c e  to  a  r e s u l t  such a s  
th e  p e rc e n tag e  o f th e  t o t a l  Crd>b f lu x  t h a t  i s  p u ls e d , e s ­
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p e c ia l ly  s in c e  th e  t o t a l  Grab f lu x  u sed  in  th e  c a lc u la t io n  
was on ly  e s tim a te d  and does n o t r e p re s e n t  a m easured q u a n t i ty .
The u p p er l im i t  f o r  th e  c o n t r ib u t io n  o f p u lse d  a n ­
n i h i l a t i o n  l in e  r a d ia t io n  a t  0 .5 1  MeV i s  c o n s is te n t  w ith  th e  
p o s i t iv e  p u lsed  f lu x  observed  in  th e  lo w est energy  b ln  o f  
th e  p re s e n t  ex p e rim en t. This r e s u l t  shows th a t  th e re  i s  no 
s tro n g  p u lse d  c o n t r ib u t io n  from e le c t r o n - p o s i t r o n  a n n i h i l a ­
t i o n  p ro c e s se s  in  th e  e m it t in g  r e g io n . T h is upper l im i t  i s  
a l s o  c o n s is te n t  w ith  a  s im i la r  u p p er l im i t  o b ta in e d  by 
FISHMAN e t  a l .  (1969b) f o r  th e  0 .5 1  MeV l i n e  f lu x  from th e  
s te a d y  C rab.
5 .4  Summary
To summarize th e  r e s u l t s  o f  th e  p re s e n t  ex p e rim en t, 
th e  fo llo w in g  s ta te m e n ts  can be made:
(1) The Crab N ebula p u ls a r  NP 0532 has been found 
to  be an  e m it te r  o f  p u lse d  r a d ia t io n  in  th e  energy  re g io n  
from  250 keV to  725 keV. Above t h i s  energy  th e re  i s  ev id en ce  
f o r  a  p u lsed  e f f e c t ,  b u t n o t above th e  957® co n fid e n c e  l e v e l .  
Our co n fid e n ce  t h a t  we have o b serv ed  p u lse d  r a d ia t io n  w ith  a 
n o n - d i r e c t io n a l  in s tru m e n t i s  based  on
(a) th e  c h a r a c t e r i s t i c  phase p lo t  a t  th e  ex p ec ted  
a p p a re n t p e r io d  f o r  NP 0532,
(b) main p u lse  a r r i v a l  t im e ,
(c )  main p u lse  -  in te r p u l s e  s e p a ra t io n ,
(d) approx im ate  p u lse  shapes on th e  two p eak s , and
o
(e) th e  in d ic a t io n  from  th e  X a n a ly s i s .
(2) The tim e-av e rag ed  p u lse d  energy  f lu x  from  250 
to  725 keV was found to  be (1 .1 4  + 0 .5 0 )  x 10"^ keV cm"^ 
sec  * keV Above 725 keV th e  u p p er l im i t  c a lc u la t io n s
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gave th e  r e s u l t s  shown In  T ab le  V - l .
(3 ) The r a t i o  o f  in te r p u l s e  i n t e n s i t y  t o  main p u ls e  
i n t e n s i t y  in  th e  en e rg y  range 250 keV -  2 .3  MeV was found to  
be 2 .4  + 1 .9 .  T h is  r e s u l t  in d ic a te s  t h a t  th e  r a d ia t io n  
spectrum  f o r  th e  in te r p u l s e  c o n tin u e s  to  be h a rd e r  th an  t h a t  
f o r  th e  main p u ls e .
(4 ) The p r e s e n t  s p e c t r a l  m easurements d£ th e  p u lse d  
r a d i a t i o n  a re  n o t  in c o n s is te n t  w ith  an e x t r a p o la t io n  o f  th e  
low er en e rg y  m easurem ents w ith  no change in  s p e c t r a l  in d e x . 
The p r e s e n t  r e s u l t s  do in d ic a te  t h a t  th e  tim e-av e rag ed  
p u lse d  en e rg y  spec trum  m ust d e c re a se  w ith  a  s p e c t r a l  in d ex  
a t  l e a s t  as  la rg e  as - 0 .5  above 725 keV.
(5 ) Our r e s u l t s  a r e  c l e a r l y  in c o n s is te n t  w ith  th e  
p u b lis h e d  r e s u l t s  o f HILLIER e t  a l .  (1 9 7 0 ). A y ?  a n a ly s is
on our LER d a ta  in d ic a te s  t h a t  th e re  i s  a  « 0 .0 1 %  p r o b a b i l i ty  
t h a t  o u r r e s u l t s  would in c lu d e  a  f lu x  a s  h ig h  as  th a t  g iv e n  
by HILLIER. The p r e s e n t  r e s u l t s  a re  c o n s is te n t  w ith  m ost 
m easurem ents a t  e n e rg ie s  b o th  below  and above o u r energy  
r e g io n ,  e x c e p t w ith  th e  r e s u l t  o f  KURFESS (1971) from 100- 
400 keV.
The p r e s e n t  r e s u l t s  a re  n o t  c o n c lu s iv e  enough to  
make a  p o s i t iv e  s ta te m e n t abou t th e  s p e c t r a l  shape above 700 
keV. F u r th e r  m easurem ents a re  r e q u ire d  to  c l e a r  up t h i s  
q u e s t io n .  The r e s u l t s  do in d ic a te  t h a t  th e  p u ls e d  c o n t r i ­
b u tio n  i s  c o n tin u in g  to  become a  l a r g e r  component o f th e  
t o t a l  C rab em iss io n  a t  th e s e  h ig h e r  e n e rg ie s .  U n fo r tu n a te ly , 
much more work m ust be done on b o th  th e  s te a d y  and p u lse d  
Crab em iss io n s  b e fo re  th e  s p e c t r a l  shape i s  known w ith  s u f ­
f i c i e n t  ac c u ra c y  to  make s ta te m e n ts  co n ce rn in g  w hat em issio n  
mechanisms a re  o p e r a t in g .  No p u ls e d  l i n e  c o n t r ib u t io n s  have 
been  o b se rv ed  in  any en e rg y  re g io n  as y e t .  T h is in d ic a te s  
t h a t  o n ly  con tinuum -producing  so u rce  mechanisms a r e  o p e ra t in g
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in  th e  so u rce  re g io n  and may I n d ic a te  a  common p ro ce ss  w hich 
c o u ld  produce th e  o b se rv ed  em iss io n s  In  a l l  w aveleng th  
r e g io n s .
Improvements In  th e  p r e s e n t  m easurem ents can  be 
made In  two w ays, ( 1 ) in c re a s in g  th e  o b se rv a tio n  tim e by 
f u r th e r  f l i g h t s  o f  th e  p r e s e n t  d e t e c to r ,  o r ( 2 ) change th e  
d e te c to r  system  in  o rd e r  to  inqprove i t s  s ig n a l- to -b a c k g ro u n d  
r a t i o .  Improved s t a t i s t i c s  can be o b ta in e d  most e f f i c i e n t l y  
by  im proving th e  s ig n a l- to -b a c k g ro u n d  r a t i o  because  th e  
s ig n a l  v a r ie s  l i n e a r l y  w ith  tim e w hereas th e  n o is e  v a r ie s  
a s  th e  sq u a re  ro o t  o f  th e  o b se rv a tio n  tim e . H ence, a  p ro ­
gram o f f u r th e r  f l i g h t s  w ith  th e  p r e s e n t  in s tru m e n t i s  n o t 
th e  most e f f i c i e n t  way o f  im proving th e  r e s u l t s  as  th e  n o ise  
i s  d e c re a s in g  o n ly  a s  th e  sq u are  ro o t  o f  th e  tim e .
Improvements to  th e  p re s e n t  f l i g h t  in s tru m e n t can  be 
made in  th e  a r e a  o f  background r e d u c t io n .  T h is  co u ld  be a c ­
com plished  by th e  u se  o f  s e l e c t iv e  a c t iv e  s h ie ld in g  to  
a c h iev e  a  gamma ra y  te le s c o p e  ty p e  o f  d e te c to r  and d e c re a se  
th e  c o n t r ib u t io n  to  th e  gamma ra y  background from  a tm o sp h eric  
s e c o n d a r ie s .  In  a d d i t io n ,  most o f  th e  a tm o sp h eric  n e u tro n  
background c o u ld  be removed by  u s in g  th e  p u lse -s h a p e  d i s ­
c r im in a t io n  (PSD) te c h n iq u e  w ith  th e  p re s e n t  c r y s t a l .  A l­
though n e u tro n  e f f e c t s  a r e  n o t ex p ec te d  to  be la rg e  in  th e  
p r e s e n t  ex p erim en t ( s e e  A ppendix D ), t h e i r  rem oval i s  an  
obv ious improvement to  a  gamma ra y  ex p e rim en t.
W hatever method i s  u sed  to  improve o r  ex ten d  th e  
p r e s e n t  m easurem ents, i t  i s  c l e a r  t h a t  f u r th e r  m easurem ents 
in  th e  low en erg y  gamma ra y  re g io n  a r e  needed to  o b ta in  more 
d e f i n i t i v e  in fo rm a tio n  on th e  p u lse d  spectrum  o f NP 0532. 
These m easurem ents, how ever, sh o u ld  n o t  n e c e s s a r i ly  be 
l im i te d  to  th e  p u ls e d  em iss io n  o f  th e  Crab N ebu la , f o r  any 
p o s i t i v e  gamma ra y  m easurem ents in  th e  energ y  re g io n  from  
100 keV-10 MeV co u ld  have much a s t ro p h y s ic a l  s ig n i f ic a n c e .
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APPENDIX A 
GAMMA RAY PRODUCTION MECHANISMS 
1 . In tro d u c t io n
In  S e c tio n  1 .1  we n o ted  th a t  p o s i t iv e  cosm ic gamma 
ra y  m easurem ents co u ld  t e l l  us much ab o u t cosm ic r a y s ,  i n t e r ­
s t e l l a r  m a tte r ,  m agnetic f i e l d s ,  and o th e r  p a ram e te rs  o f  
gamma ra y  so u rce  re g io n s .  T h is i s  so because  th e  a s tro p h y s -  
i c a l  p ro c e s se s  w hich produce gamma r a d ia t io n  depend d i r e c t l y  
on th e s e  q u a n t i t i e s .  To u n d e rs ta n d  t h i s  dependence, we must 
c o n s id e r  th e  p o s s ib le  mechanisms by w h ich vgamma ra y s  can be 
p roduced  on an a s t r o p h y s ic a l  s c a le .  In  t h i s  append ix  I  w ish  
t o  d is c u s s  th e  m ajo r gamma ra y  p ro d u c tio n  m echanism s, p o in t ­
in g  ou t th e  im p o rta n t f e a tu r e s  o f  each  p a r t i c u l a r  mode of 
gamma ra y  p ro d u c tio n . More d e t a i l e d  d e s c r ip t io n s  o f  th e  
p ro c e s s e s  can be found in  HEITLER (1960), GINZBERG and 
SYROVATSKII (1 9 6 4 ), GINZBERG (1967), ROSSI (1952), SHKLOVSKY 
(1960) and STECKER (1971).
2 . P ro d u c tio n  Mechanisms
B a s ic a l ly  th e r e  a r e  two g e n e ra l c a te g o r ie s  o f  gamma 
ra y  p roducing  i n t e r a c t i o n s ,  1) th o se  p ro c e s se s  w hich produce 
a  continuum  spec trum  o f  gamma r a d i a t i o n ,  and 2 ) th o s e  p ro ­
c e s s e s  w hich y ie ld  m onoenergetic  gamma r a y s .  N e ith e r  c a te g o ry  
i s  more im p o rta n t th a n  th e  o th e r  s in c e  b o th  ty p e s  a r e  c a p ab le  
o f  y ie ld in g  in fo rm a tio n  ab o u t th e  so u rce  p a ra m e te rs .
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We s h a l l  c o n s id e r  th e  fo llo w in g  m echanism s, which 
a r e  e f f e c t iv e  p ro d u ce rs  o f  pho tons In  th e  gamma ra y  energy  
re g io n .
1) Continuum E m ission
a . Brems s tr a h lu n g
b . In v e rs e  Compton e f f e c t
c .  S y n ch ro tro n  r a d ia t io n  (m agnetic  b rem ss tra h lu n g )
d . Gamma ra y s  p roduced  In  *° decay
2) L ine E m ission
a .  F a i r  a n n ih i l a t io n  o f e+ and e ”
b . Decay o f  e x c i te d  n u c le a r  le v e ls
Brems s tr a h lu n g
B rem sstrah lung  r a d ia t io n  i s  th e  r a d ia t io n  e m itte d  by 
a  charged  p a r t i c l e  d u rin g  i t s  d e c e le r a t io n  in  th e  Coulomb f i e l d s  
o f  n u c le i*  T h is r a d ia t io n  can  be produced  by cosm ic ra y s  
bom barding th e  i n t e r s t e l l a r  gas o r  can o ccu r in  dense so u rce  
re g io n s  where h ig h  en e rg y  p a r t i c l e s  i n t e r a c t  w ith  th e  n u c le i  
in  th e  so u rce  r e g io n . F or th e s e  i n e l a s t i c  i n t e r a c t i o n s ,  in  
any g iv en  d e f le c t io n  by a  n u c le u s , th e  in c id e n t  p a r t i c l e  can 
r a d i a t e  any amount o f en e rg y  up to  i t s  t o t a l  k in e t i c  en e rg y ,
T . Hence a l l  r a d ia t io n  f re q u e n c ie s  a re  a llow ed  up to  a  m axi­
mum freq u en cy  g iv e n  by * T /h , in d ic a t in g  th a t  h ig h  energy  
pho tons can  be produced in  t h i s  p ro c e s s .  The d e r iv a t io n  o f 
th e  c ro s s  s e c t io n s  f o r  t h i s  p ro c e ss  r e q u ir e s  a  quantum mech­
a n ic a l  tre a tm e n t s in c e  th e  p ro c e s s  in v o lv e s  th e  i n t e r a c t i o n  
o f  th e  in c id e n t  p a r t i c l e  w ith  th e  n u c le a r  f i e l d  and th e  e l e c ­
tro m ag n e tic  f i e l d  o f  th e  e m itte d  p h o to n .
In  th e  c a se  o f  n o n - r e l a t i v i s t i c  e le c t r o n s  in  th e  f i e l d  
o f  a  n u c leu s  o f  ch a rg e  Z, th e  b rem ss tra h lu n g  c ro s s  s e c t io n  i s  
g iv en  by (STECKER, 1971)
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dEy f e 2 \  *  2 / V Z] r  [ T 1 / 2 + (  ) 1 / 2 ] 2 - j
•b W * r  -  T3? f e ? )  z2 ( i f - )  l" { i f  j  SSn u c leu s
w here mQ, e ,  T , and E a r e  th e  r e s t  m ass, c h a rg e , k in e t i c  
en e rg y , and t o t a l  en e rg y  r e s p e c t iv e ly ,  o f  th e  e l e c t r o n ,  * 
th e  e m itte d  photon  e n e rg y , and Z * th e  ch a rg e  o f th e  s c a t t e r ­
in g  n u c le u s . T h is e x p re s s io n  g iv e s  th e  d i f f e r e n t i a l  c ro s s  
s e c t io n  f o r  th e  em iss io n  o f a  photon  o f  energy  betw een E^
and E + dE by an e le c t r o n  o f k in e t i c  energ y  T and t o t a l
7  7  n
energy  E * T + mQc .
F or th e  s c a t t e r i n g  o f  heavy p a r t i c l e s  w ith  ch a rg e  ste,
9
mass M, k in e t i c  energ y  T, and t o t a l  energy  E ■ T + Me , th e  
e x p re s s io n  becomes
y ov f  [t ^ 2+ (T-Ey) ]2"
) z2(^ ) in{ 7 >dE7
cm2
n u c leu s
H ence, th e  c ro s s  s e c t io n  v a r ie s  a s  Z2 /M^ where Z i s  th e  
n u c le a r  ch a rg e  o f  th e  t a r g e t  n u c le i  and M i s  th e  mass o f  th e  
in c id e n t  p a r t i c l e .  Due to  t h i s  1/M dependence on th e  i n c i ­
d e n t p a r t i c l e  m ass, r a d ia t io n  by e le c t r o n s  i s  by f a r  th e  most
predom inan t p ro c e s s  ( th e  c ro s s  s e c t io n  f o r  p ro to n s  i s  n e a r ly
6 2 4 x 10 tim es s m a l le r ) . The Z dependence shows t h a t  t h i s
p ro c e ss  i s  much more l i k e l y  to  o ccu r in  h ig h e r  Z m a te r ia l s
and th u s  w i l l  m ost l i k e l y  o c c u r , f o r  exam ple, in  so u rce
re g io n s  where th e  d e n s i ty  o f  h ig h e r  Z n u c le i  i s  l a r g e .
2 2 1 /3F or r e l a t i v i s t i c  e le c t ro n s  (m e  « E « 1 3 7  m e  /Z  '  )o o
th e  r a d i a t i v e  c ro s s  s e c t io n  becomes
2 n /  nn iV dE 2
Ey n u c le u s ,
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2 1/3and In  th e  u l t r a r e l a t l v l s t l c  c a s e  (£»137 mQc /Z ) we have
2 - dE 2/ /  2 \  0 1/<a I
• b (E ,E 7)dE -  ^  ( a _ )  Z2 i n  (183 /Z + 1 /18 ) j - Z  a
\m oc /  7
(STECKER, 197 1 ). T h is  e q u a tio n  can be w r i t t e n  In  th e  form
•b<«. V “ r  -  ^
w here M i s  th e  mass o f  th e  t a r g e t  atoms (gm) and <Xr )  i s  
d e f in e d  as th e  av e rag e  r a d ia t io n  le n g th  ( in  g/cm ^) f o r  r a d i ­
a t i v e  lo s s e s  in  th e  medium,
-1  , / -2  V /  2  \ 2  1 / 3
In  (183/Z  + 1 /1 8 ) .< Xr >  "  137 (  M )  ( *  c l )
For i n t e r s t e l l a r  m a tte r  (90% H, 10% He) <Xr > *  65 g/cm2 .
The i n t e n s i t y  o f  b rem ss tra h lu n g  pho tons i s  g iv en  by 
(GINZBERG, 1967)
L oo
Ib*EV " /  dr J °b(E»Ey)1e(E»^>dE
o E
7
2 -1pho tons (cm sec  s r  HeV) , w here I  i s  th e  e le c t r o n  in te n s -
o
i t y  (e le c tro n s /c m  sec  s r  MeV), and n ( r )  i s  th e  atom ic co n - 
c e n t r a t :  
r e g io n .
o f  r  we o b ta in
q
io n  (n u c le i/c m  ) a t  a  p o s i t io n  r  in  th e  s c a t t e r i n g
U sing A -l and assum ing th a t  I  ( E ,r )  i s  in d ep en d en tIS
w




n(L ) = J  n ( r ) d r .  
o
Such b rem ss trah lu n g  r a d ia t io n  i s  g e n e ra l ly  e m itte d
2
i n to  an a n g u la r  re g io n  o f th e  o rd e r  o f  mQc /T ab o u t th e  
d i r e c t io n  o f  th e  e l e c t r o n .  Hence a t  low e le c t ro n  e n e rg ie s  
th e  r a d ia t io n  can be e m itte d  in  any d i r e c t i o n ,  w h ile  a t  
r e l a t i v i s t i c  and u l t r a e l a t i v i s t i c  e n e rg ie s  (mQc / T « l )  th e  
e m itte d  r a d ia t io n  i s  h ig h ly  peaked in  th e  d i r e c t io n  o f  
m otion  o f th e  e l e c t r o n .
As e q u a tio n  A-2 show s, th e  r e s u l t in g  gamma ra y  
b rem ss tra h lu n g  spectrum  depends s t r o n g ly  on th e  i n i t i a l  e l e c ­
t r o n  energy  spectrum  I  ( E , r ) .  H ence, a  m easurem ent o f  a6
b rem ss tra h lu n g  spectrum  g iv e s  in fo rm a tio n  ab o u t th e  i n i t i a l  
e l e c t r o n  en e rg y  d i s t r i b u t i o n  in  th e  s c a t t e r in g  r e g io n .  For 
b rem ss tra h lu n g  o f  e x t r a g a la c t i c  o r ig in ,  co sm o lo g ica l r e d -  
s h i f t s  w i l l  m odify th e  gamma ra y  sp ec tru m . Such co sm o lo g ica l 
e f f e c t s  a r e  c o n s id e re d  in  d e t a i l  by STECKER (1 9 7 1 ).
The im p o rta n t p a ram e te rs  o f  t h i s  e le c t r o n  b re m ss tra h ­
lung  r a d ia t io n  mechanism a r e :
(a )  A continuum  spectrum  o f gamma ra y s  i s  p roduced , 
up to  an en e rg y  e q u a l to  th e  h ig h e s t  e le c t r o n  k in e t i c  en e rg y , 
Tmqy. The r e s u l t i n g  s p e c t r a l  shape i s  s t r o n g ly  dependent on 
th e  i n i t i a l  e le c t r o n  energy  spectrum .
(b ) The b rem ss tra h lu n g  c ro s s  s e c t io n  v a r ie s  d i r e c t l y  
a s  th e  sq u a re  o f  th e  ch a rg e  o f  th e  s c a t t e r i n g  n u c leu s  and 
in v e r s e ly  a s  th e  p ro d u c t o f  th e  e m itte d  photon  en e rg y  and 
th e  sq u are  o f  th e  in c id e n t  p a r t i c l e  mass ( o~Z^/M ^E^).
(c )  For r e l a t i v i s t i c  e le c t ro n s  th e  r a d ia t io n  i s
2
e m itte d  w ith in  a  cone o f  a n g le  m c /T  ab o u t th e  d i r e c t io no
o f  th e  e l e c t r o n .
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(d ) A power law e le c t r o n  spectrum  o f  th e  form  
1 m E r  w i l l  p roduce a  power law gamma ra y  spectrum  w ith
_ p
th e  same s p e c t r a l  In d ex , I ^ E ^ e c E
In v e rse  Compton E f f e c t
In  t h i s  mechanism h ig h  en erg y  e le c t r o n s  s c a t t e r  w ith  
low energy  photons y ie ld in g  h ig h e r  energy  p h o to n s . The 
p ro c e s s  i s  th e  in v e rs e  o f th e  norm al Compton e f f e c t  w hich 
r e f e r s  to  th e  s c a t t e r i n g  o f  photons by e le c t ro n s  a t  r e s t .  
Viewed in  th e  r e s t  fram e o f  th e  e l e c t r o n ,  th e  in v e rs e  p ro ­
c e s s  looks i d e n t i c a l  to  Compton s c a t t e r i n g ,  w hich i s  d e s ­
c r ib e d  by th e  K le in -N ish in a  fo rm u la . When tran sfo rm ed  to  
th e  cosm ic fram e o f  r e f e r e n c e  th e  photon re c e iv e s  a  p o r t io n  
o f  th e  e le c t r o n  e n e rg y . The amount o f  en e rg y  t r a n s f e r r e d  
can  be la rg e  enough to  c r e a te  gamma ra y  p ho tons ( E ^ > 100 keV ). 
In  g e n e ra l  th e  s c a t t e r e d  p ho tons have a  ran g e  o f  energy  
v a lu e s ,  even f o r  in c id e n t  e le c t r o n s  and pho tons o f  f ix e d  
en e rg y . T h is  i s  due to  th e  many com b in a tio n s o f v a lu e s  w hich
th e  a n g le s  o f  in c id e n c e  and s c a t t e r i n g  can  h av e . F or an
2
e le c t r o n  o f  en e rg y  E « ymoc and pho ton  o f energy  e , th e  
s c a t t e r e d  photon energy  i s  g iv en  by 
72 € f1 ( P ,a ,a * )
E7 * l + ( 7e/moc ^ ) f 2 O , a , 0») * A " 3
2 —1/2where p « v / c ,  v  * th e  e le c t r o n  v e lo c i t y ,  y  - ( 1-fJ ) , and
f^  and f^  a re  d im e n s io n le ss  fu n c tio n s  c o n ta in in g  th e  depend­
ence on th e  s c a t t e r i n g  a n g le s  a , a » , and 0> (see  STECKER, 1971 
f o r  th e  d e f i n i t i o n  o f th e s e  a n g le s ) .
2
When c o n d it io n s  a r e  such t h a t  7e « m  c , e q u a tio n  A -3
2 2g iv e s  E^ m 7 € ( 7G«mQc ) .  In  t h i s  c a se  th e  K le in -N ish in a  
c ro s s  s e c t io n  red u ce s  to  th e  n o n - r e l a t i v i s t i c  Thompson c ro s s  
s e c t io n
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a Q -> ° T * ( 8ir /3 ) (e 2 /mQc 2) 2 cm2
2In  th e  extrem e r e l a t i v i s t i c  c a s e ,  7e » m oc , th e  c ro s s  s e c t io n  
becomes
2
, i r 2 _2X2 I V  ) r„ _2o„ •» w(e‘ /mooi ) '‘ ( t £ - ) [ 1 /2  + In  (2e/m 0c ‘ ) ] ,
2
and th e  r e s u l t i n g  pho ton  energy  approaches E c * E ,
2 ^ 0th e  i n i t i a l  e l e c t r o n  e n e rg y . When 7€ « m Qc , th e  d i f f e r e n t i a l  
c ro s s  s e c t io n  f o r  th e  p ro d u c tio n  o f  a ganma ra y  o f  energy  
by Compton s c a t t e r in g  i s  a  co m p lica ted  e x p re s s io n  and i s  
g iv e n  by GINZBERG and SYROVATSKII (1 9 6 4 ). The mean gamma ra y  
en e rg y  i s
=  1  y 2  < s >
w here th e  symbol O  d en o te s  a mean v a lu e .  T h is r e l a t i o n
shows t h a t  gamma ra y s  from  100 keV to  10 MeV can be produced
8 9by e le c t ro n s  in  th e  en e rg y  range 1 .4  x 10 eV to  1 .4  x 10
eV when s c a t t e r e d  o f f  o f  s t a r l i g h t  (<e> ~  1 eV ).
Using th e s e  c ro s s  s e c t io n s ,  th e  av e rag e  tim e r a t e  o f
2energ y  lo s s  t h a t  an e le c t r o n  o f  energy  E -  7moc s u f f e r s  in  
Conpton s c a t t e r i n g  w ith  low energy  photons
- ( d E /d t ) c -  “ 2- f  - — cy2or  e r g s /s e c
where i s  th e  energ y  d e n s i ty  o f  th e  pho ton  f i e l d  (e rg s/cm ^) 
The t o t a l  gamma ra y  p ro d u c tio n  spectrum  i s  g iv e n  by
L oo op
x (E7) -  J  d r  J  dE I e ( E ,r )  J  de n ^ C ^ r )  ( E ^ E .c )  pho tons
°  E7  °  2 - 1
7 (cm sec  s r  MeV) ,
where n . ( e , r )  i s  th e  i n i t i a l  photon d e n s i ty  d i s t r i b u t i o npn n
(pho tons/cm  MeV) and I  ( E ,r )  i s  th e  e le c t r o n  i n t e n s i t y  d i s -©
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o
t r i b u t i o n  (e le c tro n s /c m  sec s r  MeV). GINZBERG (1967) has
e v a lu a te d  t h i s  e x p re s s io n  f o r  th e  c a se  o f  a  pow er-law  e le c -
_r o
tro n  spectrum  I. (E) = Ke e le c t ro n s  /cm sec  s r  MeV. Using
0
a s im p l i f ie d  form  f o r  o (E  ,E ,e )  and assum ing th a t  a l l  s c a t -
4 2te r e d  photons have th e  av erag e  photon energy  <E ^  * —y <e>, 
he o b ta in s  a gamma ra y  i n t e n s i t y  o f
2 -1  photons (cm sec s r  MeV) ,
where L i s  th e  e f f e c t i v e  p a th le n g th  fo r  gamma ray  p ro d u c tio n ,
/ COn ^ ( e ) d e .  A power law  e le c t ro n  spectrum  of
o
in d e x , r , th e r e fo r e  produces a power law gamma ray  spectrum  
o f index  ( r + l ) / 2 .
The im p o rta n t f e a tu r e s  o f  t h i s  gamma ra y  p ro d u c tio n  
p ro cess  a r e :
(a) Photons o f  gamma ra y  e n e rg ie s  can e a s i l y  be
2
p roduced . The ty p ic a l  photon en e rg y  i s  <E^>*«7 e .
(b) The mechanism y ie ld s  a  co n tin u o u s gamma ra y  
spec trum .
(c) The r e s u l t in g  gamma ra y  spectrum  depends d i r e c t ­
l y  on th e  low energ y  photon number d e n s i ty  in  th e  so u rce  
re g io n ,
(d) A power law e le c t r o n  spectrum  produces a  power 
law  photon spectrum  by th e  in v e rs e  Compton p ro c e s s .
S y n ch ro tro n  R a d ia tio n
A t h i r d  p ro c e ss  w hich produces a  continuum  photon 
sp ec tru m  i s  th e  sy n c h ro tro n  mechanism (o r m agnetic b rem sstrah - 
lu n g ) whereby a  h ig h  energy  e le c t r o n  r a d ia te s  e le c tro m a g n e tic  
r a d ia t io n  in  th e  p re sen ce  o f a  m agnetic  f i e l d  w hich has a
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component In  a  d i r e c t io n  p e rp e n d ic u la r  to  th e  e le c t r o n  
v e l o c i t y .  (Only e le c t r o n s  a r e  c o n s id e re d  s in c e  th e y  a r e  by 
f a r  th e  s t r o n g e s t  r a d ia to r s ,  as  w i l l  be s e e n ) .  The sy n ch ro ­
tro n  p ro c e s s  i s  c o n s id e re d  in  g r e a t  d e t a i l  by SHKLOVSKII 
(1960) and GINZBERG (1 9 6 7 ), and o n ly  th e  s a l i e n t  f e a tu r e s  o f  
th e  mechanism a r e  g iv en  h e r e .
T h is  p ro c e s s  i s  th e  r e l a t i v i s t i c  an a lo g  o f  c y c lo tro n  
r a d ia t io n  by n o n - r e l a t i v i s t i c  e l e c t r o n s .  R e c a ll  t h a t  in  
c y c lo tro n  r a d ia t io n  th e  e le c t r o n  d e s c r ib e s  a  c i r c u l a r  (o r  
h e l i c a l )  p a th  in  th e  f i e l d  and r a d ia t e s  a t  a  m onochrom atic 
freq u en cy  o f  «c * eH^/mQc where i s  th e  component o f H 
p e rp e n d ic u la r  to  th e  e l e c t r o n  v e l o c i t y .  The ch a rg ed  e le c t r o n  
r a d ia t e s  because i t  i s  a c c e le r a te d  by i t s  movement in  th e  
m agnetic  f i e l d .  For r e l a t i v i s t i c  e le c t r o n s  th e  s i t u a t i o n  
i s  m o d if ie d . The e le c t r o n  (o f  en e rg y  E) g y ra te s  ab o u t th e  
m agnetic  f i e l d  (m agnitude H) a t  a  freq u en cy  o f
T h is r e s u l t  assum es t h a t  H i s  homogeneous and c o n s ta n t  ( t h a t  
v a r i a t i o n s  in  H a r e  sm a ll over one e le c t r o n  o r b i t ) . The 
t o t a l  power r a d ia te d  in  th e  form o f  sy n c h ro tro n  em issio n  by 
a  p a r t i c l e  o f  ch a rg e  Z, mass M, and t o t a l  en e rg y  E , i s
(eZ )4^
P(E) « |  2 3 [(E/Me ) -  1] e r g / s e c .
M c
We see  from  t h i s  e q u a tio n  why e le c t r o n s  a r e  th e  most p r o l i f i c
r a d i a t o r s .  S ince  P(E) ~1/M ^, an e l e c t r o n  r a d ia t e s  (M/m ) ^ ~
6 °  94 x 10 tim es  as much power a s  a  p ro to n  w ith  th e  same E/Mc
2
r a t i o .  An e le c t r o n  o f en e rg y  E * 7mQc s u f f e r s  sy n c h ro tro n  
en e rg y  lo s s e s  a t  a  r a t e  g iv en  by
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-<«/dt>TO = ¥  ( ^ z ) 2 «A h
o
where = H / 8 r^ I s  th e  m agnetic  energ y  d e n s i ty ,  y  I s  th e
L o re n tz  f a c to r  f o r  th e  e l e c t r o n ,  and c * th e  speed  o f  l i g h t .
To o b ta in  pho tons o f  gamma ra y  e n e rg ie s  from  t h i s
2
p ro c e s s  one needs u l t r a r e l a t i v l s t i c  e le c t ro n s  (E »m Qc ) .
We th e r e f o r e  c o n f in e  o u rse lv e s  t o  t h i s  c a s e .  For u l t r a ­
r e l a t i v l s t i c  e le c t r o n s  th e  d i r e c t i o n a l  r a d ia t io n  i n t e n s i t y  
i s  peaked  s h a rp ly  in  th e  d i r e c t io n  o f  th e  e le c t r o n  v e lo c i ty
v e c to r ,  being  e m itte d  w ith in  a  cone o f  a n g u la r  w id th  Ad ~
2
mQc /E . An o b se rv e r  w i l l  see  sh a rp  p u lse s  o f  r a d ia t io n  o f 
d u ra t io n
, 2 . 2m c f m c  \  0
At ~  \ - 2 — j  * (mc/eH^) (1 f y  ) ,
where i s  th e  component o f H p e rp e n d ic u la r  to  th e  e l e c t r o n 1s 
c i r c u l a r  m o tion . When F o u r ie r  an a ly ze d  th e s e  b u r s t s  c o n ta in  
a n e a r ly  co n tin u o u s  fre q u en cy  spectrum  up to  a  c r i t i c a l  
fre q u en cy  o f
•c  ~  i t  ~  ( ‘‘V o O ’'2 -
A r ig o ro u s  s o lu t io n  f o r  th e  em itte d  freq u en cy  spec trum  shows
t h a t  th e  freq u en cy  o f maximum em iss io n  i s  e ^ 0 .2 9  •» . Atm e
m th e  spectrum  b eg in s  to  drop o f f  s h a rp ly .  A lthough  th e r e  
i s  a  continuum  o f  e m itte d  f re q u e n c ie s  i t  i s  u s e f u l  to  c h a ra c ­
t e r i z e  th e  em iss io n  as o c c u rr in g  a t  th e  freq u en cy  « w hich 
co rre sp o n d s  to  a photon  en e rg y  o f
E7 («c ) ~  (efiH jA i^c)?2 .
T h is e q u a tio n  shows th a t  t o  o b ta in  0 .1 -1 0 0  MeV photons in  a  
1 0 '5 g auss f i e l d  ( i n t e r s t e l l a r  sp a ce )  r e q u ir e s  e le c t r o n
123
e n e rg ie s  o f  7 x lO1^ eV <E < 2  x lO1^ eV. In  a  n e u tro n  s t a r
4env ironm ent w here may -  10 gauss a t  th e  v e lo c i ty  o f  
l i g h t  c y l in d e r ,  we can  o b ta in  sy n c h ro tro n  gamma ra y s  from  
0 .1 -1 0 0  MeV f o r  e le c t r o n  e n e rg ie s  o f 2 x 1 0 ^  e V < E < 7  x lO**' 
eV. E le c tro n s  o f  th e s e  e n e rg ie s  v e ry  l i k e l y  w i l l  e x i s t  in  
r o t a t i n g  n e u tro n  s t a r s  (GOU), 1969; GUNN and OSTRIKER, 1969).
S y n ch ro tro n  em iss io n  i s  c h a ra c te r iz e d  by th e  f a c t  
t h a t  (1) th e  e m itte d  r a d i a t i o n  i s  la r g e ly  co n fin e d  to  th e  
p la n e  c o n ta in in g  th e  e l e c t r o n 's  c i r c u l a r  m otion , and ( 2 ) th e  
e m itte d  r a d ia t io n  i s  s t r o n g ly  p o la r iz e d .  The r a d ia t io n  o f  a 
s in g le  e le c t r o n  i s  g e n e ra l ly  e l l i p t i c a l l y  p o la r iz e d  (w ith  a 
v e ry  la rg e  e c c e n t r i c i t y )  in  a  p la n e  p e rp e n d ic u la r  to  th e  ob­
se rv e r*  s d i r e c t io n  (GINZBERG, 1967). For a  sy stem  o f e l e c ­
t r o n s  in  a  vacuum th e  h ig h ly  beamed r a d ia t io n  i s  l i n e a r l y  
p o la r iz e d  in  a  p la n e  p e rp e n d ic u la r  to  th e  d i r e c t io n  o f th e  
o b s e rv e r .
I f  th e  en e rg y  spectrum  o f  th e  r a d ia t in g  e le c t ro n s  
i s  a  power law
I e (E) «  E~r  ,
th e n  th e  r e s u l t i n g  sy n c h ro tro n  r a d ia t io n  spectrum  w i l l  have 
th e  form
I s y n c *  Zy~a Ph o to n a  <cm2 s e c  s r  MeV)- 1 ,
w here
a  -  ( r + l ) / 2 .
Note t h a t  t h i s  power law dependence i s  s im i la r  t o  t h a t  ob­
ta in e d  f o r  Compton r a d i a t i o n .  Because o f  th e  la rg e  e le c t r o n  
e n e rg ie s  r e q u ir e d  to  o b ta in  ganma ra y  r a d ia t io n  from  t h i s  
m echanism, sy n c h ro tro n  r a d ia t io n  i s  most p redom inan t a t  
r a d io  f re q u e n c ie s  w here th e  r a d ia t io n  can  be p roduced  by
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8 10lo w er-en erg y  e le c t ro n s  (E w 10 -  10 eV ).
In  th e  above d is c u s s io n  we have c o n s id e re d  th e  c a se  
o f  r e l a t i v i s t i c  e le c t ro n s  In  a  vacuum to  o b ta in  th e  g e n e ra l  
c h a r a c t e r i s t i c s  o f  th e  sy n c h ro tro n  mechanism. In  many ca se s  
th e  In f lu e n c e  o f  th e  medium i s  im p o r ta n t, e s p e c ia l ly  in  su p e r­
nova and s t e l l a r  a tm ospheres w here dense plasm as can  change 
th e  c h a r a c te r  o f th e  r a d ia t io n .  O ther r a d ia t io n  p ro c e s se s  
can  o ccu r and become s i g n i f i c a n t .  For exam ple, in  a  p la sm a, 
e le c t ro n s  w hich a re  t r a v e l in g  f a s t e r  th a n  th e  phase  v e lo c i ty  
o f  e le c tro m a g n e tic  waves in  th e  plasm a can  r a d ia t e  by th e  
Cerenkov m echanism. In  th e  p re se n c e  o f  m edia th e  b re m ss tra h ­
lung  and in v e rs e  Compton p ro c e s se s  can become com peting 
p ro d u c tio n  p ro c e s s e s .
The c h a r a c t e r i s t i c s  o f  th e  sy n c h ro tro n  mechanism can 
be summarized as fo llo w s :
(a )  The e m itte d  r a d ia t io n  has a  co n tin u o u s spectrum
o
up to  an en e rg y  o f th e  o rd e r  o f  E («  ) * (efiH./m c ) y  w ith
7  v  mL  O
th e  maximum i n t e n s i t y  o f r a d i a t i o n  o c c u rr in g  a t  an energy
E -  0 .29  E (»  ) .Tmax c
(b) The r a d ia t io n  i s  h ig h ly  beamed w ith in  an a n g le  
A0 = mQc /E in  th e  d i r e c t io n  o f  m otion o f  th e  e le c t r o n  (o f  
t o t a l  energy  E ) .
(c )  The e m itte d  r a d ia t io n  I s  h ig h ly  p o la r iz e d  
( l i n e a r l y  p o la r iz e d  f o r  a  system  o f  r a d ia t in g  e le c t r o n s  in  a 
homogeneous m agnetic  f i e l d )  in  a  p la n e  p e rp e n d ic u la r  to  th e  
o b s e rv e r 's  d i r e c t i o n .
(d) A un ique  r e l a t i o n  e x i s t s  betw een th e  e le c t r o n  
en e rg y  spectrum  and th e  r e s u l t i n g  sy n c h ro tro n  pho ton  spectrum . 
A power law e le c t r o n  spectrum  (o f  in d ex  r  ) p roduces a  power 
law pho ton  i n t e n s i t y  spectrum  w ith  s p e c t r a l  in d e x  a  « ( r  + l ) / 2 .
(e )  T h is  mechanism i s  th e  on ly  one where a  ch a rg ed  
p a r t i c l e  can  produce p h o to n s in  a  vacuum. The b rem ss tra h lu n g
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and Compton p ro c e s se s  r e q u ir e  m a tte r  w ith  w hich p a r t i c l e s  
I n t e r a c t .
P ro d u c tio n  and Decay
The o th e r  m ajor gamma ra y  p ro d u c tio n  mechanism I s
th e  e le c tro m a g n e tic  decay  o f n e u t r a l  w-mesons (w° 7+ 7)
le a d in g  to  a continuum  spectrum  o f  p h o to n s . T h is Is  a  r a th e r
-16prom pt decay p ro c e s s ,  h av in g  a  h a l f l i f e  o f  2 x 10 sec  In  
th e  r e s t  fram eof th e  meson. The *° mesons a r e  formed In  a 
number o f  w ays, th e  m ost Im p o rtan t being  t h e i r  p ro d u c tio n  In  
p -p  I n te r a c t io n s  ( s in c e  cosm ic ra y s  and th e  I n t e r s t e l l a r  gas 
I s  p red o m in an tly  h y d ro g en ). In  a d d i t io n ,  w° mesons a re  
p ro d u c ts  o f  th e  decay o f  v a r io u s  hyperons and mesons c r e a te d  
in  p -p  in t e r a c t io n s  (STECKER, 1971). They can a l s o  be p ro ­
duced in  p ro to n -p h o to n  c o l l i s i o n s  where v e ry  h ig h  energy  
p ro to n s  ( th e  th re s h o ld  p ro to n  en e rg y  i s  JfclO^ eV) c o l l i d e  
w ith  low energy  p h o to n s . A nother p ro d u c tio n  p ro c e ss  f o r  w° 
mesons i s  p ro to n -a n t ip r o to n  a n n ih i l a t io n  a t  r e s t  w hich y ie ld s  
an  av e rag e  o f fo u r  gamma ray s  p e r  a n n i h i l a t io n .
In  th e  c e n te r  o f  mass system  o f  th e  decay ing  w° meson,
th e  two gamma ra y s  each  have an energy  ** 70 MeV and a r e  
e m itte d  i s o t r o p i c a l l y .  Due to  th e  r e l a t i v i s t i c  D oppler s h i f t ,  
in  th e  cosm ic fram e o f r e f e re n c e  th e  gamma ra y s  can have a 
continuum  o f e n e rg ie s  e x ten d in g  from  1 /2  E¥ ( l - P w) to  1 /2  
Eir( l+ p ir) ,  where pwc and Ew a r e  th e  meson v e lo c i ty  and t o t a l  
en e rg y  r e s p e c t iv e ly .  The pho ton  i n t e n s i t y  spec trum  r e s u l t ­
in g  from  t h i s  p ro c e ss  i s  peaked a t  an en e rg y  o f  Ey a  70 MeV.
The i n t e n s i t y  o f  *° decay  gamma ra y s  i s  p r o p o r t io n a l  to  th e
pgtoton i n t e n s i t y  1^ ,  and th e  p ro to n  d e n s i ty  in  th e  i n t e r a c t i n g
re g io n  p . For a  pow er-law  p ro to n  i n t e n s i t y  spectrum
P -n
Ip (E p) Ep P , th e  d i f f e r e n t i a l  pho ton  sp ec tru m  w i l l  have a 
b ro ad  peak  around E = 70 MeV, and fo r  E » 7 0  MeV w i l l  have ar  y  1  y
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power law shape o f  th e  form , I y (Ey) r p - l / 2)^ pr o to n -
a n t lp ro to n  a n n ih i la t io n s  a t  r e s t  p roduce a  s h a rp e r  peak  a t  
70 MeV in  th e  d i f f e r e n t i a l  ganma ra y  spectrum .
For gamma ra y s  above 100 MeV t h i s  mechanism i s  expec­
te d  to  dom inate as  th e  so u rce  o f th e  i s o t r o p ic  cosm ic r a d i a ­
t i o n  (FAZIO, 1970). T h is mechanism has been c o n s id e re d  as 
th e  so u rce  o f  th e  100 MeV gamma ra y  f lu x  from  th e  g a l a c t i c  
c e n te r  and p la n e  (KNIFFEN and FICHTEL, 1970). A lso  STECKER 
(1969 a , b , c ;  1971) has p roposed  an e x t r a g a la c t i c  r e d s h i f te d  
w° spectrum  to  e x p la in  th e  f l a t t e n in g  in  th e  assumed d i f f u s e  
cosm ic gamma ra y  spec trum  observed  by VETTE e t  a l .  (1970).
E le c t ro n -P o s i t ro n  A n n ih ila t io n
A so u rce  o f  m o n o en erg e tic , o r n e a r ly  m onoenergetic  
gamma ra y s  i s  th e  a n n ih i l a t io n  o f p o s i t ro n s  by e l e c t r o n s .
Such p o s i t r o n s  can  be p roduced  a s  b y -p ro d u c ts  o f  n u c le a r  
r e a c t io n s  o c c u rr in g  in  c e l e s t i a l  so u rce  re g io n s  (w hether in  
su p e rn o v ae , s t e l l a r  a tm o sp h eres , o r th e  i n t e r s t e l l a r  medium). 
Such p o s i t r o n s  a r e  formed p r i n c ip a l ly  in  two w ays. They can 
o r ig in a te  from  th e  b e ta -d e c a y  p o s i t r o n - e m i t t in g  modes o f
c e r t a i n  r a d io n u c le i  p rocuded  in  n u c le a r  i n t e r a c t i o n s .  Exam-
12 14 16p ie s  arep-C  , p-N , and p -0  c o l l i s i o n s  w hich le a d  to
p o s i t r o n  e m itt in g  n u c l e i .  The second p o s itro n -p ro d u c in g
mode i s  v ia  th e  decay  c h a in  o f  p o s i t iv e ly  charged  m esons,
“h 4" 4* "4"1 *■w -* )i + v fo llo w ed  by v e + v + v . T h is decay  mode w e u J
y ie ld s  a  w ide spectrum  o f  p o s i t r o n  e n e rg ie s  b u t o f  av e rag e  
en e rg y  much h ig h e r  th an  t h a t  p roduced  in  b e ta  decay  p ro c e s s e s .  
As STECKER (1971) p o in ts  o u t ,  th e  p o s i t ro n s  p roduced  in  th e s e  
b e ta  decay modes have r e l a t i v e l y  low e n e rg ie s  and a r e  more 
l i k e l y  to  s to p  and a n n ih i la te  from r e s t  to  produce monochrom­
a t i c  0 .511  MeV gamma r a y s .  The h ig h e r  energy  p o s i t r o n s  r e ­
s u l t i n g  from th e  ch arg ed  meson decay  c h a in  a r e  more l i k e l y
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t o  decay In  f l i g h t  p ro d u cin g  a  continuum  photon  spectrum .
The gamma ra y  p ro d u cin g  e le c tro m a g n e tic  in t e r a c t io n  
o f  th e  p o s i t r o n  and e le c t ro n  can  p ro ceed  in  two w ays, ( 1) 
th e  a n n ih i la t io n  o f  a  f r e e  p o s i t r o n  and a  f r e e  e le c t ro n  
y ie ld in g  (most f re q u e n tly )  two gamma r a y s ,  e+ + e  -> 7 + 7 , 
o r  (2) th e  fo rm a tio n  o f p o s itro n iu m  and su b seq u en t a n n ih i l a ­
t i o n  p ro d u cin g  two o r th r e e  gamma r a y s .
In  th e  f i r s t  c a s e , i f  th e  a n n ih i l a t io n  o ccu rs  a t  
r e s t ,  two m onoenergetic  0 .5 1  MeV gamma ra y s  w i l l  r e s u l t ,  p ro ­
ducing  a l i n e  sp ec tru m . Note t h a t  th e re  w i l l  be D oppler 
b roaden ing  o f t h i s  l i n e  due to  th e  th e rm a l v e l o c i t i e s  o f  th e  
a n n ih i la t in g  p o s i t r o n s .  The a n n ih i la t io n  o f  r e l a t i v i s t i c  
p o s i t ro n s  (o f  en e rg y  E+ = y +m o  ) w i l l  g iv e  a co n tin u o u s 
spectrum  of gamma r a d ia t io n  above an  energy  E^ « 22^— in  
th e  cosmic fram e o f  r e f e r e n c e .  There i s  no u p p er bound to  
th e  p o s s ib le  gamma ra y  e n e rg ie s  as E^ in c re a s e s  w ith o u t 
bound as y+  <» . For u l t r a r e l a t i v i s t l c  p o s i t ro n s  th e  r e ­
s u l t i n g  pho tons w i l l  have e n e rg ie s  co rre sp o n d in g  to  sh a rp  
fo rw ard  and backward s c a t t e r in g  in  th e  c e n te r  o f mass sy stem ,
o r 2
1 2 moC
E y  "  (7 +  +  2 ^ moc  and E7 = ~ 2—  » r e s p e c t iv e ly .
(Note t h a t  th e r e  e x i s t s  a sm a ll th re e -p h o to n  a n n ih i la t io n  
c ro s s  s e c t io n ,  b u t i t  i s  ** 372 tim es s m a lle r  th a n  th e  two- 
pho ton  c ro s s  s e c t io n ,  and t h i s  p ro c e s s  i s  th e r e fo r e  u s u a l ly  
n e g le c te d  a s  a  s tro n g  ganma ra y  so u rce  m echanism ).
For n o n - r e l a t i v i s t i c  p o s i t r o n s  th e  t o t a l  c ro s s  s e c t io n  
f o r  th e  f r e e  a n n ih i la t io n  o f  p o s i t ro n s  o f  energy  E ^ in to  gamma 
r a y s  i s  (STECKER, 1971)
• a n ° ^ V  "  " (e2/moc2)2/P+* <P+«1>
w here p+C i s  th e  p o s i t r o n  v e l o c i t y .  For u l t r a r e l a t i v i s t l c  
p o s i t ro n s  (tnQc ^ / E « l )  t h i s  c ro s s  s e c t io n  red u ces  to  th e  form
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• ™ W  -  '< ‘ 2 / v 2> (In  -  1)m c o
w here E+ i s  th e  p o s i t r o n  en e rg y .
In  th e  ca se  o f  p o s itro n lu m  fo rm a tio n  low en e rg y  p o s i ­
t ro n s  and e le c t ro n s  combine to  form  a h y d ro g e n -lik e  system  
w hich may su b se q u en tly  a n n ih i l a t e  In to  gamma ra y s . T h is  
bound system  can e x i s t  in  th e  ground s t a t e  e i t h e r  a s  a  
s i n g l e t  (^SQ) o r t r i p l e t  (^ S ^ ) . Each system  w i l l  decay  in  
a d i f f e r e n t  m anner, th e  s in g l e t  s t a t e  decay ing  in to  two 
gamma ra y s  and th e  t r i p l e t  s t a t e  in to  th r e e  gamma r a y s .  The 
decay  from  th e  t r i p l e t  s t a t e  o ccu rs in  75% o f  th e  c a s e s  and 
p roduces a  continuum  spectrum  o f  photons from  0 to  0*51 MeV.
and th e  e x is te n c e  o f  a  l i n e  c o n tr ib u t io n  a t  0 .5 1  MeV from
any so u rce  th e r e f o r e  depend upon th e  r e l a t i v e  s t r e n g th  o f
b e ta -d e c a y  v s .  p io n -d ec a y  fo rm a tio n  modes a s  w e ll a s  th e
f r a c t io n  o f  th e  p o s i t r o n s  w hich produce p o s itro n lu m . As
w ith  th e  o th e r  p ro d u c tio n  m echanism s, th e  f i n a l  gamma ra y
spectrum  a l s o  depends upon th e  above c ro s s  s e c t io n s ,  th e
-3s p e c t r a l  d e n s i ty  o f  p o s i t r o n s  (cm ) and th e  e le c t ro n  d e n s i-
„3
t y  (cm ) in  th e  so u rce  r e g io n . Note a l s o  t h a t  th e  0 .5  MeV 
l in e  em iss io n  i s  n o t a  prom pt phenomenon f o r  e i t h e r  mode o f 
p o s i t ro n  fo rm a tio n . In  e i t h e r  mode th e  p o s i t ro n s  m ust come 
to  r e s t  b e fo re  a n n ih i l a t io n  in to  two 0 .5  MeV p h o to n s . This 
m eans, f o r  exam ple, t h a t  in  s o la r  f l a r e  re g io n s  th e  d e la y  
tim e  betw een p ro d u c tio n  and a n n ih i la t io n  f o r  a 100 MeV 
p o s i t r o n  i s  8 seconds (DOLAN and FAZIO, 1965). In  co n ­
t r a s t ,  in  th e  i n t e r s t e l l a r  medium th e  d e c e le r a t io n  and
o
a n n ih i la t io n  o f  f a s t  p o s i t r o n s  may ta k e  ~ 10 y r  (STECKER, 
1970).
The f i n a l  p o s i t r o n  a n n ih i la t io n  gamma ra y  spectrum
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Decay o f  E x c ite d  N uclear S ta te s
A f i n a l  so u rce  o f  photons o f  gamma ra y  e n e rg ie s  i s  
th e  em iss io n  o f  gamma ra y s  from th e  d e - e x c i ta t io n  o f  e x c ite d  
n u c l e i .  Such e x c i te d  n u c le i  a re  produced In  n u c le a r  r e a c ­
t i o n s ,  m ain ly  betw een p ro to n s ,  n e u tro n s  and th e  c o n s t i tu e n t  
n u c le i  o f  th e  in t e r a c t i o n  medium. Such r e a c t io n s  in c lu d e  
th e  p ,  p '7  i n e l a s t i c  s c a t t e r in g  r e a c t io n s  o f  in c id e n t  p ro to n s  
as w e ll  as  o th e r  p ro to n -in d u ced  r e a c t io n s  (p ,n j p ,p n ; p ,2p; 
p ,a ;  p , 2pn) le a d in g  to  prompt decay  gamma ra y s  or to  b e ta  
e m it te r s  which in  tu rn  em it gamma ra y s  and e le c t ro n s  and 
p o s i t ro n s  a t  th e  decay r a t e  o f th e  e m i t te r .  The p o s i t r o n  
e m it te r s  w i l l  produce r a d ia t io n  as d e s c r ib e d  in  th e  p rev io u s  
s e c t io n .  Such d e - e x c i ta t io n  r e a c t io n s  y ie ld  prompt mono­
e n e rg e t ic  gamma ray s  in  th e  energy  re g io n  from  100 keV to  
10 MeV. These gamma ra y s  a r e  c h a r a c t e r i s t i c a l l y  d i f f e r e n t  
f o r  d i f f e r e n t  n u c l e i .
In  a d d i t io n ,  slow  n e u tro n s  in  th e  so u rce  re g io n  can 
combine w ith  p ro to n s  to  form  d eu te riu m  w ith  th e  em iss io n  o f  
c h a r a c t e r i s t i c  2 .2 3  MeV fo rm a tio n  gamma r a y s .  For th e  Sun, 
DOLAN and FAZIO (1965), LINGENFELTER and RAMATY (1 9 6 7 ), and 
CHUFP (1 9 7 1 ), have ta b u la te d  th e  im p o rtan t p ro to n -in d u c e d  
r e a c t io n s  w hich le a d  to  prompt n u c le a r  d e - e x c i ta t io n  gamna 
ray s  and b e ta - e m it t in g  n u c l e i .
The gamma ra y  p ro d u c tio n  r a t e  from n u c le a r  d e - e x c i ta -  
t io n  r e a c t io n s  depends on th e  number d e n s i ty  o f t a r g e t  n u c le i  
and th e  number and s p e c t r a l  d e n s i ty  o f in c id e n t  p ro to n s  in  
th e  so u rce  r e g io n , a s  w e ll  as  th e  in d iv id u a l  i n t e r a c t i o n  
c ro s s  s e c t io n s  and th e  d im ensions o f  th e  so u rce  r e g io n .
Those t a r g e t  n u c le i  whose r e a c t io n  c ro s s  s e c t io n s  a r e  la rg e  
o r w hich have a  la rg e  number d e n s i ty  a r e  l i k e l y  c a n d id a te s  
to  become gamma ra y  p ro d u c e rs . For s o la r  f l a r e  e m iss io n ,
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p ro to n  r e a c t io n s  w ith  H e \  C ^ ,  N ^ ,  0 ^  and Ne^® should
16dom ina te . For example, th e  6 .1 3  MeV l i n e  em iss io n  from 0
(p ,  p ' 7) 0 ^ ,  th e  4 .43  MeV l i n e  em iss ion  from (p , p ' 7) C ^ ,
20 20and th e  1 .63  MeV em iss io n  from Ne (p ,  p '? )N e a r e  ex p e c te d  
t o  be s t r o n g ,  prompt n u c le a r  l i n e  em iss io n s  in  s o l a r  f l a r e s
(CHUPP, 1971). Such n u c le a r  t r a n s i t i o n s  fo l lo w in g  th e
„ 28 44 48 48n u c le a r  b e ta  decay o f  h e a v ie r  n u c l e i  (S i  , T i , Cr , V ,
56 56N1 and Co ) a r e  ex p ec ted  to  occur in  young supernovae 
(CLAYTON e t  a l . ,  1969; CLAYTON and SILK, 1969), p roducing  
c h a r a c t e r i s t i c  gamma ra y  l i n e s .  Cosm ological e f f e c t s  may, 
however, cause  a  r e d s h i f t i n g  o f  th e  l i n e s  to  low er e n e rg ie s  
g iv in g  smeared p e a k s .  T h is  e f f e c t ,  i f  v a l i d ,  would make 
such l i n e  em iss io n  d i f f i c u l t  t o  d e t e c t .
1 1The 2 .2 3  MeV n e u tro n  c a p tu re  gamma ray  l i n e  (H + n
2
H + 7 , * 2 .23  MeV) i s  ex p ec ted  t o  be a s t r o n g  l i n e
em iss io n  p ro c e s s  in  s o l a r  f l a r e s .  The n e u tro n s  a r e  produced 
in  a  v a r i e t y  o f  n u c le a r  r e a c t i o n s ,  p r im a r i ly  in  p ro to n  and 
a lp h a - in d u c e d  r e a c t io n s  w i th  he lium , c a rb o n , and oxygen.
These gamma r a y s  a r e  n o t  e m it te d  p rom ptly  in  a  f l a r e  due t o  
th e  tim e o f  p ro d u c t io n  o f  th e  n e u tro n s  and th e  slow ing down 
tim e o f  th e  f a s t  n e u t ro n s .
A l l  l i n e  r a d i a t i o n s  a r e  im p o r ta n t  because th e y  p r o ­
v id e  d i r e c t  ev id en ce  f o r  th e  o ccu rren ce  o f  s p e c i f i c  n u c le a r  
r e a c t i o n s .  Measurement o f  th e s e  l i n e  em iss io n s  can  p ro v id e  
in fo rm a t io n  ab o u t p ro to n  and n e u tro n  d e n s i t i e s  in  th e  so u rce  
r e g io n  a s  w e l l  a s  ch a rg ed  p a r t i c l e  r e a c t i o n  r a t e s  and th e  
t im e s c a le s  f o r  p a r t i c l e  a c c e l e r a t i o n  p ro c e s s e s .
The r e l a t i v e  im portance  o f  each  o f  th e  above mechan­
isms f o r  gamma ra y  p ro d u c t io n  depends on th e  p a r t i c l e  con­
s t i t u e n t s  and p a ram ete rs  o f  th e  sou rce  r e g io n ,  in c lu d in g  th e  
p re se n c e  and s t r e n g t h  o f  any m agnetic f i e l d s .  These 
mechanisms have been a p p l ie d  t o  many a s t r o p h y s i c a l  p ro c e s se s
t o  e x p la in  observed  r a d i a t i o n  s p e c t r a  (such  a s  th e  d i f f u s e  
cosmic gamma ra y  spec trum  and th e  e x p la n a t io n  o f  th e  
g a l a c t i c  gamma ra y  em iss io n )  o r  to  p r e d i c t  gamma ray  p r o ­
d u c t io n  s p e c t r a  in  s t e l l a r  a tm ospheres and from o th e r  
c e l e s t i a l  o b j e c t s .  The i d e n t i f i c a t i o n  o f  a s p e c i f i c  
mechanism t o  e x p la in  measured gamma r a y  r e s u l t s  i s  o f te n  
q u i t e  d i f f i c u l t .  In  some c a se s  on ly  s l i g h t  d i f f e r e n c e s  in  
th e  f lu x  or s p e c t r a l  shape a r e  ex p e c te d  fo r  d i f f e r e n t  
p ro d u c t io n  mechanisms, and th e  a v a i l a b l e  d a ta  i s  n o t  d e f i n ­
i t i v e  enough to  choose between s e v e r a l  p o s s ib le  mechanisms. 
N e v e r th e le s s ,  knowledge o f  th e  s p e c i f i c  p ro d u c t io n  mechan­
isms o p e ra t in g  in  th e  sou rce  re g io n s  i s  th e  f i r s t  s te p  in  
th e  u n d e rs ta n d in g  o f  th e  p h y s ic a l  p ro c e s s e s  ta k in g  p la c e  
in  th e s e  r e g i o n s .
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A f a i r l y  com plete  s e r i e s  o f  p r e - f l i g h t  and p o s t ­
f l i g h t  c a l i b r a t i o n s  were perform ed on th e  d e t e c to r  system  
to  t e s t  i t s  o p e r a t io n .  The im p o rtan t te s tS j  which have 
become n e a r ly  s ta n d a rd  f o r  a l l  such gamma ray  s p e c tro m e te r  
ex p e rim en ts ,  a r e  l i s t e d  below.
1. I n t e g r a l  l i n e a r i t y  t e s t s  on th e  e l e c t r o n i c s .
2. D i f f e r e n t i a l  l i n e a r i t y  t e s t s  on th e  e l e c t r o n i c s .
3 . Measurement o f  deadtim e lo s s e s  f o r  th e  d e te c ­
t o r  system .
4 . Energy c a l i b r a t i o n  o f  th e  Nal sp e c tro m e te r  on 
b o th  th e  LER and HER r a n g e s .
5. Photopeak an g u la r  s e n s i t i v i t y  measurements 
f o r  th e  Nal c r y s t a l .
6 . A bso lu te  gamma d e t e c t io n  e f f i c i e n c y  m easure­
ments f o r  th e  Nal sp e c tro m e te r .
The r e s u l t s  o f  th e s e  c a l i b r a t i o n  t e s t s  on th e  f l i g h t  i n s t r u ­
ment a r e  d is c u s se d  in d iv i d u a l l y  below.
I n t e g r a l  L in e a r i ty
I n t e g r a l  l i n e a r i t y  t e s t s  were made on th e  f l i g h t  
e l e c t r o n i c s  u s in g  an ORTEC model 204 p r e c i s io n  mercury r e la y  
p u l s e r ,  whose l i n e a r i t y  was + 0.2% o f  f u l l  s c a l e .  The p u l s e r  
s ig n a l s  were fed  d i r e c t l y  in to  th e  f l i g h t  preamp. Hence th e  
e n t i r e  s ig n a l  h a n d l in g  system  from p r e a m p l i f i e r  th rough  PHA 
was in c lu d ed  in  th e  l i n e a r i t y  m easurement. The r e s u l t s  o f  
th e s e  measurements a r e  shown in  F ig u re s  B - l  and B-2. The 
maximum d e v ia t io n  from a b s o lu te  l i n e a r i t y  was found to  be 






















F ig u re  B - l .  I n t e g r a l  l i n e a r i t y  o f  th e  f l i g h t  e l e c t r o n i e s  on 
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2. I n t e g r a l  l i n e a r i t y  o f  th e  f l i g h t  e l e c t r o n i c s  
on th e  HER energy  ra n g e .
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PHA t h i s  d e v i a t io n  co rresponds  to  an i n t e g r a l  l i n e a r i t y  o f  
+ 0 .5 /2 5 6  = + 0.2%. T h is  f ig u r e  a p p l ie s  to  b o th  th e  LER and 
HER v o l ta g e  r a n g e s .  I t  shou ld  be p o in te d  o u t t h a t  b o th  i n ­
t e g r a l  and d i f f e r e n t i a l  l i n e a r i t y  t e s t s  as  perform ed h e re  
on ly  check  how l i n e a r  th e  e l e c t r o n i c s  i s  t o  d i f f e r e n t  a m p li­
tude  v o l ta g e  p u l s e s .  Such t e s t s  say n o th in g  about th e  
l i n e a r i t y  o f  th e  l i g h t  o u tp u t  o f  th e  c r y s t a l  f o r  d i f f e r e n t  
energy gamma r a y s .
D i f f e r e n t i a l  L in e a r i ty
The d i f f e r e n t i a l  l i n e a r i t y  d e f in e s  th e  u n ifo rm ity  o f  
channel w id th  a c ro s s  th e  co n v e rs io n  range o f  a p u ls e  h e ig h t  
a n a ly z e r .  I t  was measured f o r  th e  f l i g h t  PHA by u s ing  th e  
o u tp u t o f  an ORTEC Model 437 t im e - to -a m p li tu d e  c o n v e r te r  
(TAC) as an in p u t  to  th e  PHA. Random am plitude  p u ls e s  were 
o b ta in e d  from th e  TAC by g a t in g  th e  s t a r t  and s to p  in p u ts  o f  
th e  TAC w ith  a random p h o to m u l t ip l i e r  s ig n a l  and a p e r io d ic  
p u ls e  g e n e ra to r  s i g n a l  r e s p e c t i v e l y .  By p ro p e r  ch o ice  o f  
th e s e  g a t in g  r a t e s  random am p litu d e  s ig n a l s  a r e  g e n e ra te d .  
This i s  a s ta n d a rd  method f o r  g e n e ra t in g  random am plitude  
s i g n a l s .  For p e r f e c t  l i n e a r i t y  a p u ls e  h e ig h t  a n a ly s i s  o f  
th e s e  s ig n a l s  sh o u ld  y i e l d  an eq u a l  number o f  co u n ts  in  every  
PHA c h a n n e l .  The d e v ia t io n  from t h i s  i d e a l  ca se  g iv es  a 
m easure o f  th e  PHA d i f f e r e n t i a l  l i n e a r i t y .  The d i f f e r e n t i a l  
l i n e a r i t y  i s  found from th e  r e l a t i o n
f  + (N - N )/N  x 100 v max ave7 ave
% DIFF LIN = «
- (N - N . ) /N  x 100 x ave m in ' ave
where N . , N . N a r e  th e  minimum, a v e ra g e ,  and maximum min* ave* max * °  *
coun ts  p e r  channel r e s p e c t iv e ly  o b ta in e d  in  th e  channel range  
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F ig u re  B-3. (a )  D i f f e r e n t i a l  l i n e a r i t y  spectrum  o f  f l i g h t
p u ls e  h e ig h t  a n a ly z e r  on UER. (b) D i f f e r e n t i a l  l i n e a r i t y  
spec trum  of f l i g h t  p u ls e  h e ig h t  a n a ly z e r  on HER. See t e x t  
f o r  c a l c u l a t e d  d i f f e r e n t i a l  l i n e a r i t y  r e s u l t s  f o r  b o th  
r a n g e s •
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The r e s u l t s  o f  th e s e  measurements on b o th  th e  LER 
and HER o f  th e  f l i g h t  PHA a re  shown In F igure  B-3. On th e  
LER, th e  excess in  th e  l a s t  10 channels  I s  m ainly due to  
the  smearing a c t io n  o f  th e  HER SELECT DISC v o lta g e  th re s h o ld .  
From channel 15 to  240 on the  LER th e  maximum d e v ia t io n s  from 
th e  average number o f  counts  in  each channel a r e  +3.4% and 
-3.7%. For th e  HER (which s t a r t s  a t  channel 55) smearing o f  
th e  upper th re s h o ld  causes a l a r g e  n o n l in e a r i ty  above channel 
240. From channels  60 tb  240 on th e  HER th e  maximum d e v ia ­
t io n s  a re  +4.8% and -5.1%.
System Deadtime Losses
An a c c u ra te  knowledge o f  the  deadtim e lo s s e s  expected  
in  the  f l i g h t  in s tru m e n t i s  e s s e n t i a l  to  minimize th e  e r r o r s  
invo lved  in  c o r r e c t in g  th e  raw d a ta .  This i s  p a r t i c u l a r l y  
im portan t in  a h ig h  coun ting  r a t e  experim ent where even ts  
l o s t  due to  deadtime can be an a p p re c ia b le  p e rcen tag e  o f  th e  
t o t a l  number o f  e v e n ts .  Measurements o f  th e se  lo s s e s  were 
made on th e  f l i g h t  PHA-storage b u f f e r  s e c t io n ,  u s ing  th e  
random in p u t  r a t e  from th e  Nal sp e c tro m e te r .  The average i n ­
put r a t e  was v a r ie d  by changing th e  a m p l i f ie r  g a in  and using  
s ta n d a rd  r a d io a c t iv e  gamma ray  so u rc e s .  F igu re  B-4 shows th e  
r e s u l t s  o f  the  p e rc e n t  lo s s e s  versus  th e  average  in p u t coun t­
ing  r a t e .  The p e rc e n t  lo s s e s  a r e  c a lc u la te d  from th e  eq u a tio n
% lo s s e s  -  ( in p u t  r a t e )  -  (o u tp u t r a t e )  x  100
(in p u t  r a t e )
The maximum o u tp u t d a ta  r a t e  t h a t  can be achieved  i s  
3 .57 kHz. This i s  th e  d a ta  r a t e  th a t  would e x i s t  i f  th e  b u f f e r  
were always m a in ta in ed  in  a f u l l  c o n d i t io n .  For com parison, 
on th e  same graph i s  shown th e  lo s s e s  which would be o b ta in e d  i f
6 0 - 0 -
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Input counting Rate (KHz)
F ig u re  B -4 . P e rc e n t  deadtim e lo s s e s  v e r s u s  in p u t  co u n t in g  r a t e  f o r  f l i g h t
s to r a g e  b u f f e r .  A lso  shown i s  a  cu rve  o f  th e  lo s s e s  ex p ec ted
f o r  a  b u f f e r l e s s  system . T h is  deadtim e cu rv e  i s  u sed  to  c o r r e c t
th e  d a t a .
A
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no b u f f e r  were used; i . e . ,  i f  th e  random in p u t d a ta  were 
t r a n s m i t t e d  to  ground a t  a p e r io d ic  r a t e  o f  3 .5 7  kHz w i th ­
o u t b u f f e r  s to r a g e .  As i s  se en ,  c o n s id e ra b le  improvement 
in  deadtim e lo s s e s  i s  ach iev ed  th rough  use of th e  b u f f e r .
The c a l i b r a t i o n  cu rve  o f  F ig u re  B-4 was used to  
c o r r e c t  th e  f l i g h t  d a ta  f o r  deadtim e e f f e c t s .
Gamma Ray Peak P o s i t io n  L in e a r i ty
One o f  th e  most im portan t c a l i b r a t i o n s  f o r  a gamma 
ray  s p e c tro m e te r  i s  th e  gamma ray  peak p o s i t i o n  energy c a l i ­
b r a t i o n  o f  th e  d e t e c t o r .  Assuming t h a t  th e  e l e c t r o n i c s  has 
p e r f e c t  i n t e g r a l  l i n e a r i t y ,  t h i s  c a l i b r a t i o n  m easures th e  
l i n e a r i t y  o f  th e  l i g h t  o u tp u t  versus  photon energy  curve fo r  
th e  N a l(T l)  c r y s t a l .  Such l i g h t  o u tp u t  has been observed 
to  be n o n - l in e a r  f o r  N al(T l)  c r y s t a l s  by HEATH (1964). The 
e f f e c t  i s  rough ly  10% a t  2 .6  MeV f o r  a 3" x 3" c r y s t a l  such  
t h a t  th e  l i g h t  o u tp u t  i s  10% lower than  ex p e c ted  from a 
l i n e a r  e x t r a p o la t i o n  from low er e n e r g i e s .  The c a l i b r a t i o n s  
were made w ith  th e  g a in  s t a b i l i z a t i o n  s e c t io n  in  o p e ra t io n  
to  c o r r e c t  f o r  any g a in  s h i f t s  in  th e  e l e c t r o n i c s .  The r e s u l t s  
o f  t h i s  c a l i b r a t i o n  f o r  th e  LER and HER ranges a r e  shown in  
F ig u re s  B-5 and B-6. The f ig u r e s  in c lu d e  th e  r a d io a c t iv e
so u rce s  and peak e n e rg ie s  used  in  th e  m easurem ents . Note
t h a t  th e s e  energy c a l i b r a t i o n s  a re  v a l i d  f o r  th e  p o s t  g a in  
s h i f t  p a r t  o f  b a l lo o n  f l i g h t  558P ( th e  e n t i r e  tim e a t  f l o a t  
a l t i t u d e ;  see  S e c t io n  3 .3  f o r  a d i s c u s s io n  o f  t h i s  g a in  s h i f t ) .  
For t h i s  energy c a l i b r a t i o n  th e  low er C o ^  peak (1 .17  MeV) 
was fo rc e d  to  rem ain in  channel 113. These cu rv es  i n d ic a t e  
t h a t  th e  LER ex ten d s  from 250 keV to  2 .3  MeV and th e  HER from
2 .3  MeV to  7 .5  MeV, w i th  th e  l a s t  20 channels  o f  th e  HER
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F ig u re  B-5.
YaAx+B
A=8.5 ±0.1 kev/Ch
8=189.6 ±6.0 kev /U p p e r
Threshold
133 Mev Co®0 
1.17Mev Co60 ..
l.28Mev No
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Gamma ra y  peak  p o s i t i o n  l i n e a r i t y  f o r  LER. 
The s o l i d  l i n e  r e p r e s e n ts  a  com puter l e a s t  
squares  l i n e a r  f i t  t o  th e  d a t a ,  g iv in g  th e  
in d ic a t e d  s lo p e  and i n t e r c e p t  v a lu e s .  Note 
t h a t  t h i s  cu rv e  i s  th e  p o s t  g a in  s h i f t  





















F ig u re  B-6.
Curve valid for xs channel 55 to 220
Y= A x + B
A= 29.6 ± 0.3 Kev /ch 
B=699± 40 Kev 6J3 Mev JV i
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Lower Threshold
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Gamma ray  peak  p o s i t i o n  l i n e a r i t y  f o r  HER.
The s o l i d  l i n e  r e p r e s e n t s  a  com puter l e a s t  
sq u a re s  l i n e a r  f i t  t o  th e  d a t a ,  g iv in g  th e  
i n d ic a t e d  s lo p e  and i n t e r c e p t  v a lu e s  v a l i d  
from  ch a n n e l 55 t o  220. Note t h a t  t h i s  cu rve  
i s  th e  p o s t  g a in  s h i f t  c a l i b r a t i o n .
J
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c a l i b r a t i o n s  o f  F ig u re s  B-5 and B-6  a re  v a l i d  f o r  th e  d a ta  
p re s e n te d  in  t h i s  t h e s i s .
R e la t iv e  Photopeak D i r e c t io n a l  S e n s i t i v i t y
One o f  th e  reaso n s  f o r  choosing  th e  p r e s e n t  d e t e c t o r
was th e  f a c t  t h a t  i t  has an a n i s o t r o p ic  d i r e c t i o n a l  s e n s i t i v i t y
to  r a d i a t i o n  im pinging from d i f f e r e n t  d i r e c t i o n s .  D e te c to r
s e n s i t i v i t y  i s  d e f in e d  as  th e  re sp o n se  o f  a d e t e c t o r ,  in
co u n ts  p e r  u n i t  t im e ,  f o r  a u n i t  f lu x  o f  in c id e n t  r a d i a t i o n  
2
(number/cm s e c ) .  In  g e n e ra l  th e  s e n s i t i v i t y  S, i s  a f u n c t io n  
o f  th e  d i r e c t i o n  o f  in c id e n c e  o f  th e  r a d i a t i o n  and i t s  en e rg y , 
and i s  norm ally  th e  p ro d u c t  o f  th e  d e t e c t o r ' s  e f f i c i e n c y  and 
a r e a .  Thus, S (E ,e ,$ )  = A (e ,$ )  x e ( E , e ,$ ) ,  where E i s  th e  
energy o f  th e  in c id e n t  r a d i a t i o n ,  9 and 9 s p e c i fy  th e  d i r e c ­
t i o n  o f  th e  r a d i a t i o n ,  and A (8 , 9) i s  th e  p r o je c te d  a re a  and 
e ( E , 6 , 4) th e  i n t e r a c t i o n  e f f i c i e n c y  f o r  r a d i a t i o n  i n  t h i s  
d i r e c t i o n .
To measure t h i s  s e n s i t i v i t y ,  c a r e f u l  l a b o ra to r y  m easure­
ments were made w i th  m onoenergetic  gamma ray  s o u rc e s .  The 
so u rce  was p la c e d  f a r  enough from th e  d e t e c t o r  to  s im u la te  
p a r a l l e l  r a d i a t i o n .  A (so u rc e  + background) -  (background) 
accu m u la tio n  was made a t  v a r io u s  a n g le s  between th e  so u rce  and 
th e  d e t e c t o r  symmetry a x i s . R a t io s  o f  th e  number o f  co u n ts  in  
th e  photopeak re g io n  in  a g iv en  d i r e c t i o n  8 , to  th e  coun ts  ob­
ta ined  a t  9**0° were th en  c a l c u l a t e d .  A p l o t  o f  th e s e  r a t i o s  
v e rsu s  8 g iv e s  a map o f  th e  r e l a t i v e  photopeak  d i r e c t i o n a l
s e n s i t i v i t y  o f  th e  d e t e c t o r .  The r e s u l t s  o f  th e s e  m easure-
137 228ments f o r  two so u rce s  (Cs , E7 = 0.662 MeV, and Th , E7 =
2 .62  MeV) a r e  shown i n  F ig u re  B-7. For each  c u rv e ,  th e  r e l a ­
t i v e  s e n s i t i v i t y  i s  no rm alized  to  1 a t  8 = 0 ° .  At 0 .662 MeV 




—  0.662 Mev Cs187
— 2.62 Mev Th“ e
F ig u re  B -7 . Photopeak a n g u la r  re sp o n se  o f  f l i g h t  s p e c t r o ­
m eter  a t  662 keV and 2 .62  MeV. The a n g le  6 
I s  m easured w i th  r e s p e c t  to  th e  c r y s t a l  
symmetry a x i s .
J
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( • =  0 ° ) ,  hav ing  a f r o n t - t o - a i d e  r a t i o  o f  R(0 = 0°/fl = 90°) = 
2 .8 /1  and a f r o n t - t o - b a c k  r a t i o  o f  R(0 = 0° /e  = 180°) = 2 .3 /1 .  
Even a t  2 .62  MeV th e  re sp o n se  i s  q u i t e  a n i s o t r o p i c .  The re d u c ­
t i o n  in  s e n s i t i v i t y  f o r  a n g le s  between 120° and 240° i s  due to  
a t t e n u a t i o n  in  th e  t h i c k  aluminum mounting p l a t e ,  p h o to tu b e s ,  
and b a s e s .  The d e t e c t o r  was assumed to  have i s o t r o p i c  r e ­
sponse w ith  r e s p e c t  to  th e  az im u th a l an g le  s in c e  th e  c r y s t a l  
i s  a z im u th a l ly  sym m etric .
These cu rves  i n d i c a t e  t h a t  th e  p r e s e n t  d e t e c t o r  has 
d i r e c t i o n a l  p r o p e r t i e s  even though i t  i s  flown as an omni­
d i r e c t i o n a l  in s tru m e n t ( i t  i s  no t a c t i v e l y  o r  p a s s iv e ly  
s h ie ld e d  in  any d i r e c t i o n s  to  reduce background co u n t in g  r a t e s ) .
Gamma Ray D e te c t io n  E f f ic ie n c y
L ab o ra to ry  measurements o f  th e  v a r i a t i o n  o f  a b s o lu te  
d e t e c t o r  e f f i c i e n c y  v e rsu s  photon energy  were no t made f o r  th e  
p r e s e n t  t e t e c t o r .  I n s t e a d ,  th e  e f f i c i e n c e s  f o r  th e  p r e s e n t  
in s tru m e n t were o b ta in e d  by i n t e r p o l a t i o n  o f  th e  Monte C arlo  
c a l c u l a t i o n s  o f  MILLER, REYNOLDS, and SNOW (1938) f o r  th e  s i z e  
o f  th e  p r e s e n t  c y r s t a l .  The shape o f  th e  re sp o n se  to  monoener- 
g e t i c  r a d i a t i o n  was o b ta in e d  from th e  energy  response  m easure­
ments on l a r g e  c r y s t a l s  by KOCKUM and STARFELT (1959). To 
v e r i f y  th e  accuracy  o f  th e  c a lc u l a te d  e f f i c i e n c e s  f o r  th e  
p r e s e n t  s p e c t ro m e te r ,  a b s o lu te  photopeak  e f f i c i e n c y  m easure­
ments were made w ith  th e  p r e s e n t  c r y s t a l  a t  two e n e rg ie s  u s in g  
c a l i b r a t e d  gamma ray  so u rc e s  ( so u rce  i n t e n s i t y  known to  + 5%). 
The com parison o f  th e s e  measured r e s u l t s  and th e  c a l c u l a t i o n s  
o f  MILLER, REYNOLDS, and SNOW i s  shown in  T able  B - l .  The 
agreem ent i s  c e r t a i n l y  c lo s e  enough to  j u s t i f y  u s ing  th e  Monte 




CALCULATED AND MEASURED PHOTOPEAK EFFICIENCIES
Photon Energy Measured C a lc u la te d
(MeV) Photopeak E f f .  Photopeak E f f .
( M i l l e r ,  Reynolds, Snow)
0.662 0 .70+0 .04  0.738+0.008
1.114 0 .49+0.02  0.560+0.007
The d e t e c t o r  e f f i c i e n c i e s  r e q u i r e d  in  th e  p u l s a r  
a n a ly s i s  a r e  c a lc u l a te d  in  Appendix C along  w ith  a com plete 
d i s c u s s io n  o f  th e  energy resp o n se  o f  th e  d e t e c t o r .  The 
r e a d e r  i s  r e f e r r e d  to  t h i s  appendix  f o r  f u r t h e r  in fo rm a tio n  
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DETECTOR EFFICIENCY AND ENERGY RESPONSE
1. In t ro d u c t io n
In  t h i s  appendix c a l c u l a t i o n s  o f  th e  d e t e c t io n  
e f f i c i e n c y  and energy resp o n se  o f  th e  p r e s e n t  gamma ray  
s p e c tro m e te r  a r e  g iv en . The r e s u l t s  o f  th e s e  c a l c u l a t i o n s  
a re  used  In S e c t io n  V o f  th e  t h e s i s  to  co n v e rt  th e  measured 
p u l s a r  co u n tin g  r a t e s  I n to  p u lse d  photon f lu x e s .
The problem  o f  c o n v e r t in g  a measured p u ls e  h e ig h t  
spectrum  in to  a prim ary  photon spectrum  i s  a d i f f i c u l t  one 
fo r  gamma ray  measurements in  th e  energy re g io n  from ~ 200 
keV to  " 2 0  MeV in  in o rg a n ic  c r y s t a l s .  T his  i s  so because  
th r e e  p ro c e s se s  c o n t r ib u t e  s i g n i f i c a n t l y  to  th e  e l e c t r o ­
m agnetic  i n t e r a c t i o n  c ro s s  s e c t io n  in  t h i s  r e g io n ,  1) th e  
p h o to e l e c t r i c  p r o c e s s ,  2) th e  Compton p r o c e s s ,  and 3) th e  
p a i r  p ro d u c t io n  p ro c e s s .  The dominant i n t e r a c t i o n  mode i s  
th e  Compton e f f e c t ,  w ith  th e  p h o to e l e c t r i c  p ro c e s s  b eg in n in g  
to  dominate a t  th e  low energy end o f  th e  i n t e r v a l  and p a i r  
p ro d u c t io n  becoming dominant a t  th e  h ig h e r  e n e rg ie s  (see  
F ig u re  I I - l ) .
The d i f f i c u l t y  in  c o n v e r t in g  from a m easured energy 
lo s s  spectrum  to  an in p u t  photon spectrum  a r i s e s  because  
th e r e  i s  n o t always a o n e - to -o n e  co rrespondence  between i n c i ­
d en t photon energy  and th e  energy lo s s  d e p o s i te d  in  th e  
s c i n t i l l a t i o n  c r y s t a l .  Each o f  th e  th r e e  i n t e r a c t i o n  p ro ­
c e s se s  y i e ld s  secondary  e l e c t r o n s  whose e n e r g i e s ,  T£ , a r e  
r e l a t e d  in  d i f f e r e n t  ways to  th e  i n i t i a l  photon  en e rg y , E?.
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The b a s ic  r e l a t i o n s h i p s  between Te and E y  f o r  th e  th r e e  
p ro c e s se s  a r e  (BIRKS, 1964).
Compton: T v a r i e s  from 0 to  T =ec ec  max
Ey  / , ( !  + mQc 2/2E 7)
P h o to e le c t r i c :  T = -  Bep 7 e
2P a i r  P ro d u c tio n : T = E^ - 2mrtc .epp 7 °
where mQ i s  th e  e l e c t r o n  r e s t  mass and Bfi i s  th e  b in d in g
energy  o f  th e  atom ic e l e c t r o n  e j e c t e d  i n  th e  p h o to e l e c t r i c
p r o c e s s .
The s i t u a t i o n  i s  even more co m p lica ted  th a n  t h i s  
because  in  l a r g e r  c r y s t a l s  m u l t ip l e  p ro c e s se s  o f t e n  occur 
f o r  a s i n g l e  photon e v e n t .  For example, a p a i r  p ro d u c t io n  
even t p roduces two 0 .5 1  MeV p o s i t r o n  a n n i h i l a t i o n  gamma r a y s ,  
one o r  b o th  o f  which co u ld  th e n  i n t e r a c t  in  th e  c r y s t a l  v ia  
th e  Compton p ro c e ss  g iv in g  a t o t a l  energy  lo s s  between T « 
and Ey. Or th e  secondary  photon  r e s u l t i n g  from a Compton 
i n t e r a c t i o n  o f  a gamma ray  co u ld  in  tu r n  i n t e r a c t  by th e  
Compton o r  p h o t o e l e c t r i c  p ro c e s s .  These m u l t ip le  p ro c e s se s  
can  r e s u l t  in  th e  t o t a l  a b s o rp t io n  o f  th e  i n i t i a l  photon 
energy  and t h e r e f o r e  h e lp  to  in c r e a s e  th e  r e l a t i v e  a re a  in  
th e  f u l l  energy peak r e g io n .  An energy lo s s  spectrum  fo r  
in c id e n t  m onoenergetic  gamma ra y s  shows c o n t r ib u t io n s  f o r  
a lm ost any energy  lo s s  <  Ey, s in c e  th e  m u l t ip le  i n t e r ­
a c t i o n  ev en ts  (combined w ith  th e  d e t e c t o r  energy r e s o l u t i o n  
sm earing) f i l l  in  th e  r e g io n s  n o t  a llow ed by th e  s in g l e  i n t e r ­
a c t io n  e v e n ts .  As i s  r e a d i ly  se e n ,  th e  u n fo ld in g  o f  a p u ls e  
h e ig h t  spectrum  can be q u i t e  a t a s k ,  e s p e c i a l l y  when th e  i n ­
p u t  gamma ray  spectrum  i s  n o t  smooth, b u t  c o n ta in s  l i n e
f e a t u r e s .
S ta te d  m a th e m a t ic a l ly ,  we see  t h a t  a gamma ray  sp e c ­
trum N(k) y i e ld s  a p u l s e  h e ig h t  d i s t r i b u t i o n  P (e) in  a sp e c ­
t r o m e te r ,  where k  d en o te s  photon energy  and e th e  p u ls e  
h e i g h t .  The two d i s t r i b u t i o n s  a r e  r e l a t e d  by
where K (k ,e )  i s  the  re sp o n se  fu n c t io n  o f  th e  s p e c tro m e te r  f o r  
m onoenergetic  gamma r a y s , kmax i s  th e  maximum photon energy  
in  th e  gamma ray  spec trum , fx i s  th e  t o t a l  a t t e n u a t io n  c o e f -
o f  o b ta in in g  N(k) red u ce s  to  th e  d e te rm in a t io n  o f  K (k ,e )  w ith  
s u f f i c i e n t  d e t a i l  and a c c u ra c y .  The u s u a l  s o lu t i o n  to  th e  
u n fo ld in g  problem  (s e e  f o r  example KOCKUM and STARFELT (1959), 
BERGER and DOGGETT (1 9 5 6 ),  o r  KOCH and WYCKOFF (1958)) i s  to  
t r e a t  t h i s  e q u a t io n  as a m a tr ix  e q u a t io n ,
where < P (e )^  and ^ N (k )^  a r e  one-column m a tr ic e s  and M 
i s  an  n x m m a tr ix  c a l l e d  th e  re sp o n se  m a t r ix .  Each o f  i t s  
e lem en ts  g iv e s  th e  s e n s i t i v i t y  o f  th e  sp e c tro m e te r  f o r  a 
p u ls e  h e ig h t  b in  Ae^ a t  to  a u n i t  gamma ray  f lu x  in  th e  
energy  i n t e r v a l  Akj a t  k j . The e lem ents o f  t h i s  m a tr ix  a re  
e x p e r im e n ta l ly  d e te rm in ed  f o r  a g iv en  sp e c tro m e te r  by m easur­
ing  th e  re sp o n se  to  a number o f  s ta n d a rd  m onoenergetic  gamma 
ray  c a l i b r a t i o n  s o u rc e s .  < N ( k ) ^  i s  then  o b ta in e d  from 
e q u a t io n  C-2 by m u l t i p l i c a t i o n  o f  ^ P ( e ) ^  by th e  in v e r s e  





f i c i e n t  (cm / g )  o f  th e  c r y s t a l  a t  th e  energy k ,  and L i s  an
2
e f f e c t i v e  c r y s t a l  l e n g th  (g/cm ) .  Knowing P ( e ) ,  th e  problem
< P (e )>  = M < N (k )> C-2
In  th e  p r e s e n t  case  we do no t w ish  to  perform  a
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com plete  u n fo ld in g  p r o c e s s .  The two q u e s t io n s  which we must 
answer a re :
1. What i s  th e  ave rag e  w eigh ted  d e t e c t io n  e f f i c i e n c y  
e f f e c t i v e  f o r  each  o f  th e  energy i n t e r v a l s  chosen in  th e  p u l ­
sar a n a l y s i s ,  and
2. What p e rc e n ta g e  o f  th e  coun ts  observed  in  a g iv e n  
energy  b in  a r e  due to  incoming photons o f  energy  above th e  
energy  b in .
S ince  th e s e  q u e s t io n s  have to  be answered f o r  on ly  fo u r  p u ls e  
h e ig h t  b in s  (LER, LER A, LER B, and HER), i t  i s  no t n e c e s s a ry  
to  c a l c u l a t e  a com plete  re sp o n se  m a tr ix .  However, th e  same 
te c h n iq u e s  a r e  used to  answer th e se  q u e s t io n s  as  a r e  r e q u i r e d  
to  c o n s t r u c t  such a re sp o n se  f u n c t io n ,  in  t h a t  knowledge o f  
th e  sp e c tro m e te r  re sp o n se  K (k ,e )  i s  r e q u i r e d .  The p r e s e n t  
c a l c u l a t i o n s  a r e  on ly  a sm a ll  sample o f  th e  more g e n e ra l  
problem  o f  g e n e ra t in g  a com plete re sp o n se  m a tr ix  f o r  th e  d e ­
t e c t o r .  We need to  know what average  w eigh ted  d e t e c t io n  
e f f i c i e n c y  i s  needed in  e q u a t io n  V -l to  c o n v e r t  th e  measured 
coun ts  to  a photon f lu x  and what i s  th e  m agnitude o f  th e  con­
t r i b u t i o n  o f  h ig h e r  energy  photons to  a g iv en  p u ls e  h e ig h t  
i n t e r v a l .  To answer th e s e  q u e s t io n s  we must know how th e  
p r o b a b i l i t y  o f  a photon g iv in g  a p u ls e  h e ig h t  between th e  
upper and low er th re s h h o ld s  o f  th e  i t h  i n t e r v a l  and
r e s p e c t iv e ly )  v a r i e s  w ith  photon ene rgy . In  c a l c u l a t i n g  t h i s  
p r o b a b i l i t y  we must know th e  d e t e c t o r  re sp o n se  f u n c t io n  in  
s u f f i c i e n t  d e t a i l .
M athem a tica lly  we need th e  q u a n t i ty
Pi 0 0  = J  K ( k , e ) ( l - e ‘ ^ )  de C-3
e i l
as a f u n c t io n  o f  photon  en e rg y , k . The d e te rm in a t io n  o f  th e  
av e ra g e  w eigh ted  e f f i c i e n c y  f o r  th e  i t h  p u ls e  h e ig h t  i n t e r v a l
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i s  then  o b ta in e d  from th e  e x p re s s io n
€i u  / 6iu
P. = r  P, (k )N (k)dk /  r  N (k)dk. C-4
 
\  J i I J
ci l  '  €i l
The f r a c t i o n a l  c o n t r i b u t io n  o f  h ig h e r  energy  photons 
to  th e  1 th  p u lse  h e ig h t  i n t e r v a l  i s  g iv en  by th e  eq u a t io n
Ri  = I P4 (k)N (k)dk /  P4 f  N (k)dk. C-5j i ( ) ( )  j  ± J  
ei u  Gi l
In  g e n e r a l ,  no smooth f u n c t io n a l  r e l a t i o n s h i p  can be 
w r i t t e n  down f o r  Pj_(k) f o r  use in  th e  i n t e g r a l  e q u a t io n s ,
C-4 and C-5. To o b ta in  an approxim ate  s o l u t i o n ,  th e  i n t e g r a l s  
were n u m e ric a l ly  i n t e g r a t e d .  E qua tions  C-4 and C-5 become, 
under t h i s  ap p ro x im a tio n ,
n ( e iu>
pi  = . W
( « n )




k ,  + Ak.
j  / . t Jyr r
j = i  j
N (k) dk
<€iu> kj " f j





N (k) d k .
C-7
2. D e te c to r  Response and C a lc u la t io n  o f
The re sp o n se  f u n c t io n  K (k ,c )  f o r  th e  f l i g h t  s p e c tro m e te r  
was c o n s t ru c te d  as  fo l lo w s .  The f u l l y  c o r r e c t e d  ex p e r im en ta l  
re sp o n se  s p e c t r a  o f  KOCKUM and STARFELT (1959) were used  to
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approx im ate  th e  shape o f  th e  re sp o n se  o f  th e  p r e s e n t  11 1/2" 
d ia m e te r  x 4" t h i c k  Nal d e t e c t o r  t o  p a r a l l e l  m onoenergetic  
gamma r a d i a t i o n .  T h e ir  r e s u l t s  (KOCKUM and STARFELT, 1959) 
which I  have used were o b ta in e d  w ith  a 5" d ia m e te r  x  4" th i c k  
N a l(T l)  c r y s t a l  s p e c tro m e te r .  They used a Pb so u rce  c o l ­
l im a to r  o f  4 .5  cm d ia m e te r  and a so u rce  to  c r y s t a l  d i s ta n c e  
o f  75 cm, and o b ta in e d  f u l l y  c o r r e c t e d  re sp o n se  cu rv es  fo r  
s i x  m onoenergetic  gamma ra y  so u rce s  a t  1 .2 8 ,  4 .4 3 ,  6 .1 3 ,
1 1 .7 ,  1 7 .6 ,  and 20 .3  MeV (KOCKUM and STARFELT, p . 176).
S in ce  th e  on ly  in fo rm a tio n  used from t h e i r  r e s u l t s  i s  th e  
shape o f  th e  re sp o n se  c u rv e ,  i t  was f e l t  t h a t  t h e i r  r e s u l t s  
f o r  th e  5 .4  cm d ia m e te r  c o l l im a to r  used w ith  a 5" d ia m e te r  
c r y s t a l  r e p re s e n te d  a good app rox im ation  to  p a r a l l e l  r a d i a t i o n  
in c id e n t  on our l a r g e r  11 1/2" d ia m e te r  c r y s t a l .
S in ce  th e  p u l s a r  energy spectrum  i s  no t ex p ec ted  to  
c o n ta in  a complex l i n e  s t r u c t u r e ,  a rough d e te rm in a t io n  o f  
K (k ,e )  w i l l  s u f f i c e  in  th e  p r e s e n t  c a l c u l a t i o n s .  A com pari­
son o f  th e  c o l l im a te d  and u n c o l l im a te d  r e s u l t s  f o r  th e  s in g le  
c r y s t a l  sp e c tro m e te r  i n  KOCKUM and STARFELT shows t h a t  only  
m inor d i f f e r e n c e s  in  re sp o n se  shape o c c u r ,  and th e s e  d i f ­
f e re n c e s  a r e  n e g l i g i b l e  f o r  th e  p r e s e n t  c a s e .  To check  on how 
w e l l  t h e i r  cu rves  r e p r e s e n t  th e  re sp o n se  shapes f o r  th e  
p r e s e n t  d e t e c t o r ,  re sp o n se  cu rves  a t  1 .1  MeV (Zn^^) and 6 .13  
MeV were m easured w ith  th e  p r e s e n t  d e t e c t o r  f o r  com parison
w ith  t h e i r  r e s u l t s .  The 6 .13  MeV l i n e  was o b ta in e d  from th e  
13 16r e a c t i o n  C ( a ,n )0  i n  a curium -carbon  so u rce  (DICKENS and 
BAYBARZ, 1970). F ig u re  C - l  shows th e  r e s u l t s  o f  th e s e  m easure­
m ents compared to  th e  cu rv es  o f  KOCKUM and STARFELT made a t
1 .28  MeV and 6 .13  MeV. Only m inor d i f f e r e n c e s  a p p e a r ,  and th e  
use  o f  t h e i r  re sp o n se  shapes seems e n t i r e l y  r e a s o n a b le .
To o b ta in  a n o rm a l iz a t io n  f o r  th e  c u rv e s ,  th e  a re a  
under each  response  curve  was made equa l to  th e  t o t a l  i n t e r ­
a c t io n  e f f i c i e n c y ,  l - e " ^ 1, a t  t h a t  energy . The v a lu e s  o f  th e
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1.28 Mev Response
(Kockum $ Starfelt) 
— Measured 1.1 Mev Response 
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F ig u re  C - l ,  Comparison o f  re sp o n se  shape measurements o f  
KOCKUM and STARFELT (1959) t o  measurements f o r  p r e s e n t  sp e c ­
t ro m e te r  a t  two pho ton  e n e r g i e s .  F o r  each  s e t  o f  c u rv e s  th e  
pho topeak  a m p litu d es  have been a r b i t r a r i l y  no rm alized  to  1 .0 .  
The measured 1 .1  MeV re sp o n se  cu rv e  was expanded t o  p la c e  th e  
pho topeak  a t  1 .28  MeV. The t a i l  i n  th e  measured 6 .1 3  MeV 
re sp o n se  i s  due t o  n e u t r o n s . to  a continuum  spectrum  produced 
by  f i s s i o n  p ro d u c ts  o f  C m ? ^ , and to  gamma ra y  l i n e s  from th e  
decay  o f  s e v e r a l  i s o to p e s  (DICKENS and BAYBARZ, 1970). These 
e f f e c t s  were n o t  c o r r e c t e d  f o r ;  hence th e  cu rv e  i s  t r u n c a te d  
a f t e r  th e  1 s t  e scap e  peak  o f  th e  6 .1 3  MieV gamma ra y  l i n e .
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I n t e r a c t i o n  e f f i c i e n c e s  f o r  v a r io u s  e n e rg ie s  were o b ta in e d  
by i n t e r p o l a t i o n  o f  th e  Monte C arlo  c a l c u l a t i o n s  o f  MILLER, 
REYNOLDS, and SNOW (1957 and 1958) f o r  th e  s i z e  o f  th e  
p r e s e n t  sp e c tro m e te r .  In  th e  re g io n  between 2Q0 keV and
1 .28  MeV where no re sp o n se  cu rv es  e x i s t e d ,  cu rves  were 
g e n e ra te d  u s ing  an i n t e r p o l a t i o n  o f  th e  p h o to f r a c t io n s  fo r  
Nal c r y s t a l s  f o r  a b road  p a r a l l e l  beam o f  r a d i a t i o n  as  c a lc u ­
l a t e d  by MILLER, REYNOLDS, and SNOW (1958) and STEYN and 
ANDREWS (1969). The photopeak  and Compton components were 
approxim ated  w ith  r e c ta n g u la r  sh a p es .
In  th e  re g io n  1 .28  - 4 .43  MeV, re sp o n se  cu rves  were 
o b ta in e d  a t  e n e rg ie s  o f  1 .8  MeV ( B i ^ ^ )  and 2.62 MeV (Th^® ) 
by d i r e c t  measurement w ith  th e  11 1/2" d ia m e te r  f l i g h t  sp e c ­
t ro m e te r  u s ing  s ta n d a rd  so u rces  p la c e d  f a r  enough away from 
th e  c r y s t a l  to  s im u la te  p a r a l l e l  r a d i a t i o n .  The m ajor 
f e a t u r e s  (pho topeak , Compton continuum , and 1 s t  and 2nd 
escape  peaks) o f  th e  r e s u l t i n g  s p e c t r a  were then  q u a l i t a t i v e l y  
f i t  by r e c t a n g u la r  sh ap es .  (The r e s u l t s  o f  t h i s  p rocedu re  
f o r  th e  2 .62  MeV resp o n se  cu rve  a r e  shown i n  F ig u re  C -2 ) .
As done p r e v io u s ly ,  th e  a re a  under each  resp o n se  curve  
was s e t  eq u a l to  th e  t o t a l  i n t e r a c t i o n  e f f i c i e n c y  a t  t h a t  
ene rgy . The i n t e r a c t i o n  e f f i c i e n c i e s  a t  th e s e  e n e rg ie s  were 
o b ta in e d  by i n t e r p o l a t i o n  o f  th e  MILLER, REYNOLDS, and SNOW 
d a ta  as w e l l  as  from c a l c u l a t i o n s  u s in g  th e  a b s o rp t io n  c o e f f i ­
c i e n t s  f o r  Nal found in  EVANS (1955). T h is  p ro ced u re  a s s u re d  
t h a t  th e  cu rves  were no rm alized  w ith  r e s p e c t  to  one a n o th e r .
The r e s u l t i n g  d i s c r e t e  s e t  o f  re sp o n se  cu rves  used f o r  
th e  p r e s e n t  d e t e c t o r  a r e  shown in  F ig u re  C-2. At photon  
e n e rg ie s  where a re sp o n se  cu rve  d id  n o t  e x i s t ,  an i n t e r p o l a t i o n  
p ro ced u re  was used to  o b ta in  th e  re sp o n se .  T his  i n t e r p o l a t i o n  
i s  q u i t e  a c c e p ta b le  s in c e  very  l i t t l e  d i f f e r e n c e  in  shape o r  
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F ig u re  C -2 . The com plete  s e t  o f  re sp o n se  curves f o r  p a r a l l e l  in c id e n c e  o f  
m onoenergetic  r a d i a t i o n  f o r  th e  p r e s e n t  s p e c t ro m e te r .  A l l  
c u rv es  a r e  a r b i t r a r i l y  n o rm alized  t o  a  f u l l  energy  peak 
a m p litu d e  o f  1 .0 .  Each cu rv e  r e p r e s e n t s  th e  re sp o n se  to  
photons o f  th e  in d ic a t e d  e n e rg ie s  (MeV).
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c u rv e s .
Given t h i s  s e t  o f  response  s p e c t r a  and us ing  th e  
i n t e r p o l a t i o n  method, th e  d e te rm in a t io n  of th e  p r o b a b i l i t y  
P^(k) f o r  th e  p u lse  h e ig h t  i n t e r v a l s  i  = 1 (LER), 2 (LER A),
3 (LER B ), 4 (HER) reduces to  c a l c u l a t i n g  th e  r a t i o  o f  th e  
a rea  under each  curve from k  = to  e^u to  th e  t o t a l  a re a  
under each cu rv e ; i . e . ,
(Area under k=EQ response  curve 
from to  e .
P (k=E ) =  -
1 °  (T o ta l  a rea  under k=E
response  curve) °
This c a l c u l a t i o n  was done g r a p h ic a l ly  and was re p e a te d  f o r  
each response  curve f o r  a g iv en  p u lse  h e ig h t  b in .  The whole 
p rocedure  was then  re p e a te d  f o r  each o f  th e  p u l s a r  energy 
b in s .  The r e s u l t s  o f  th e se  c a lc u l a t i o n s  a re  shown in  F igu res  
C-3 and C-4 f o r  the  fo u r  i n t e r v a l s ,  LER, LER A, LER B, and 
HER. As i s  ex p ec ted , as  long as  the  photon ene rgy , k ,  i s  
between and e^u , th e  p r o b a b i l i ty  d ec re a se s  s l i g h t l y  due 
to  th e  d ec rease  in  i n t e r a c t i o n  e f f i c i e n c y  w ith  energy . When 
k  > e ^u th e  la rg e  photopeak a re a  no lo n g e r  f a l l s  w i th in  th e  
p u lse  h e ig h t  window and th e  p r o b a b i l i t y  f a l l s  r a p id ly .  The 
bending over o f  the  and curves f o r  HER i n t e r v a l  a t  
h ig h e r  photon e n e rg ie s  i s  due to  s e l f - g a t i n g  lo s s e s  caused  by 
th e  charged  p a r t i c l e  s h ie ld  and i s  d is c u s s e d  l a t e r .
3 . C a lc u la t io n  of P^ and R^
The curves o f  P^ g en e ra ted  above were used to  p ro v id e  
th e  v a lu es  o f  P ^ (k j,A k j)  in  eq u a tio n s  C-6 and C-7 to  de term ine  
P^ and R^ f o r  each i n t e r v a l .  The rem aining  q u a n t i ty  needed 
to  e v a lu a te  eq u a tio n s  C-6 and C-7 i s  a va lue  f o r  N (k)dk, th e  














F ig u re  C -3 . C a lc u la te d  d e te c t io n  e f f i c i e n c i e s ,  P^, f o r  LER 
(P ^ ) , LER A (P2) , and LER B (P^) as a fu n c tio n  
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100 200 5 0 0
F ig u re  C -4 . C a lc u la te d  d e te c t io n  e f f i c ie n c y  f o r  HER (P ^ ) . The dashed cu rve
i s  th e  t o t a l  i n t e r a c t i o n  e f f i c ie n c y  e - l - e x p ( - y tL ) . Curves and 
€2 * w hich in c lu d e  s e l f - g a t in g  e f f e c t s ,  a re  c a lc u la te d  from  eq u a tio n s  
C - l l  and C-12 r e s p e c t iv e ly .
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S in ce  t h i s  i s  th e  q u a n t i ty  we a r e  t r y in g  to  d e te rm in e  from  
t h i s  ex p e rim en t, we do n o t know i t s  v a lu e . As a f i r s t  e s t i ­
m ate o f  i t s  form we can assume t h a t ,  w ith in  th e  e r r o r s  o f  
t h i s  c a lc u l a t i o n ,  an e x t r a p o la t io n  from low er energy  p u ls a r
m easurem ents i s  v a l id .  FISHMAN e t  a l .  (1969) have  found th a t
-2  2 -2  -1a power law o f  th e  form  N (k)dk ~  Ck * dk photons cm sec
-1MeV b e s t  app rox im ates t h e i r  m easurem ents o f  th e  p u lse d
energy spectrum  o f  NP 0532 in  th e  re g io n  45 - 200 keV. The
_2a u th o r  has th e r e f o r e  chosen th e  fu n c t io n a l  form . N(k) o* k  dk 
fo r  use  in  th e  p re s e n t  c a lc u l a t i o n s .  The -2 .0  s p e c t r a l  index 
was chosen  o v er -2 .2  m ain ly  f o r  ea se  o f  c a lc u la t io n .  The d i f ­
fe re n c e  r e s u l t in g  from th i s  c h o ic e  i s  com plete ly  n e g l ig ib le  
compared to  th e  f i n a l  + 20% e r r o r  a s s ig n e d  to  th e  r e s u l t s  o f 
t h i s  append ix . The r e s u l t s  o f  th e  e v a lu a t io n  o f  e q u a tio n s  
C-6 and C-7 u s in g  th e  in d ic a te d  ap p rox im ations a r e  shown in  
T ab le  C -l below .
TABLE C -l
CALCULATED DETECTION EFFICIENCIES (P j)  AND 
PERCENT CONTRIBUTION OF HIGH ENERGY PHOTONS (R±)
i
Energy
I n te r v a l
P u lse
H eight
I n te r v a l P±
1 LER 250 keV -2.3 MeV 0.871+20%
2 LERA 250-725 keV 0.90+20%
3 LER B 725 keV -2.3  MeV 0.68+20%
4 HER > 2 .3  MeV
5 0 .5  MeV 450 keV-550keV 0.786
(Photopeak





The f i r s t  Im p o rtan t p o in t  t o  n o te  from  th e s e  r e s u l t s  
i s  t h a t  th e  P ^(k ) v s .  k cu rv es  a r e  q u i te  f l a t  f o r  e i 2 . ^ ^ < e iu  
and f a l l  o f f  r a th e r  s h a rp ly  a s  k becomes l a r g e r  th a n  th e  
u p p e r  window e n e rg y . T h is f l a tn e s s  o f  th e  e f f i c ie n c y  cu rve  
le n d s  su p p o rt to  th e  assum ption  t h a t  we c a n , w ith  l i t t l e  
e r r o r ,  u se  a  w eigh ted  av erag e  d e te c to r  e f f ic ie n c y  P^ v a l id  
o v er a r a th e r  la rg e  energy  I n te r v a l  i n  c o n v e rtin g  m easured 
co u n ts  to  a  p u lse d  pho ton  f lu x .  The low v a lu e s  show th a t  
th e r e  i s  l i t t l e  e r r o r  in v o lv ed  in  assum ing t h a t  th e  la rg e  
m a jo r i ty  o f  th e  m easured co u n ts  in  a  g iv en  energy  b in  r e s u l t  
from  photons whose e n e rg ie s  l i e  s o le ly  w ith in  th e  b o u n d aries  
o f  th e  b in .  T h is i s  a consequence o f  th e  h ig h  photopeak e f ­
f ic ie n c y  o f  th e  p re s e n t  sp e c tro m e te r  coup led  w ith  a p u lsed  
photon  spectrum  w hich i s  f a l l i n g  r a th e r  s te e p ly .
The v a lu e s  o f  P^ and in  T ab le  C -l were u sed  in  
th e  p u lse d  photon  f lu x  c a lc u la t io n s  p re s e n te d  in  S e c tio n  V 
o f  th e  t h e s i s .
4 .  High Energy S e lf  G ating  E f f e c ts
The la rg e  11 1 /2 "  d ia m e te r  x 4" th ic k  N a l(T l)  d e te c ­
to r  makes a  good " t o t a l  a b s o rp tio n "  s p e c tro m e te r . T h is  i s  
because th e  r e l a t i v e l y  h ig h  Z o f  53 f o r  1 (Na h as a  Z o f 1 1 ), 
th e  h ig h  d e n s i ty  o f  3 .67  g/cm  , and th e  la rg e  c r y s t a l  s iz e  
p e rm it a com plete  co n ta in m en t o f a l l  o f  th e  energ y  o f  a 
photon  e v e n t up to  re a so n a b ly  h ig h  gamma ra y  e n e rg ie s .  How- 
e v e r ,  a t  h ig h e r  gamma ra y  e n e rg ie s  th e  d e te c t io n  e f f ic ie n c y  
w i l l  b eg in  to  d e c re a se  due to  s e l f  g a t in g  e f f e c t s  in  th e  
d e t e c to r .  I t  i s  t h i s  e f f e c t  w hich we now c o n s id e r .
In  N al gamma ra y s  o f  energy  >  10 MeV in t e r a c t  p re ­
d o m in a te ly  by th e  p a i r  p ro d u c tio n  p ro c e s s  (EVANS, 1955).
As th e  gamma ra y  en e rg y  in c r e a s e s ,  i t  becomes v e ry  l i k e l y  in
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th e  h ig h  Z N al c r y s t a l  t h a t  th e  I n i t i a l  p a i r  p ro d u c tio n  i n t e r ­
a c t io n  w i l l  i n i t i a t e  an e le c tro m a g n e tic  cascade  shower a s  a 
r e s u l t  o f  th e  b re m ss tra h lu n g  energy  lo s s e s  o f th e  r e s u l t i n g  
e le c t r o n - p o s i t r o n  p a i r .  The i n i t i a l  e l e c t r o n  p a i r  soon 
ca scad es  in to  a  la rg e  shower o f  low er energy  secondary  pho tons 
and e l e c t r o n s . I t  i s  t h i s  p a r t i t i o n in g  o f  th e  i n i t i a l  pho ton  
energy  among many low er energy  secondary  photons and e l e c ­
tro n s  w hich en a b le s  th e  c r y s t a l  to  c o n ta in  a h ig h  energy  
e v e n t .  As th e  gamma ra y  e n e rg ie s  in c re a s e ,  how ever, more 
and more e v e n ts  o ccu r in  w hich th e  t o t a l  energy  can n o t be 
c o n ta in e d  w ith in  th e  c r y s t a l .  I f  th e  energ y  l o s t  from  th e  
c r y s t a l  in  th e  form  o f  e le c t r o n s  o r photons i s  s u f f i c i e n t  to  
exceed  th e  energy  th re s h h o ld  o f  one o f  th e  p l a s t i c  charged  
p a r t i c l e  s h ie ld  c u p s , th e  e v e n t w i l l  be v e to ed  as  a  n e u t r a l  
e v e n t .  These lo s s e s  a r e  c a l l e d  s e l f - g a t in g  lo s s e s  and th e y  
become im p o rtan t f o r  d e te rm in in g  th e  d e te c to r  e f f i c ie n c y  a t  
h ig h e r  photon  e n e rg ie s .
KANTZ and HOFSTADTER (1954) p o in t  ou t t h a t  most o f  
th e  en e rg y  c a r r ie d  away from  th e  c r y s t a l  in  shower i n t e r a c ­
t io n s  w i l l  be by gamma ra y s  whose e n e rg ie s  l i e  n e a r  th e  
minimum o f th e  a b s o rp tio n  c ro s s  s e c t io n  v e rsu s  energy  cu rv e  
(which f o r  Nal would be gamma ra y s  from  1 to  5 MeV) . Gamma 
ra y s  o f  th e s e  e n e rg ie s  have o n ly  a  sm a ll p r o b a b i l i ty  o f i n ­
t e r a c t i o n  in  th e  1 cm th ic k  charged  p a r t i c l e  s h i e ld ,  b u t i f  
th e r e  i s  a s u f f i c i e n t  number o f  th e s e  p h o to n s , th e  p r o b a b i l ­
i t y  o f  a t  l e a s t  one i n t e r a c t i o n  can become a p p re c ia b le .
A lso , in  th e  h ig h e r  en e rg y  e v e n ts  th e re  a re  e le c t ro n s  w ith  
s u f f i c i e n t  energy  and long  enough range to  cau se  s e l f - g a t in g  
e f f e c t s .  T h is  r e s u l t s  from  th e  f a c t  t h a t  in  p a i r  p ro d u c tio n  
in te r a c t io n s ,  a l l  modes o f d iv is io n  o f th e  photon  energy  b e ­
tween th e  two e le c t r o n s  a r e  n e a r ly  e q u a l ly  p ro b a b le  (ROSSI 
and GREISEN, 1941), and hence h ig h  energy  e le c t r o n s  do r e s u l t
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a  la rg e  f r a c t i o n  o f  th e  t im e .
KANTZ and HOFSTADTER (1953 and 1954) have done con­
s id e r a b le  work on th e  co n ta in m en t o f  energy  from  e le c t r o n -  
induced  e le c tro m a g n e tic  shower e v e n ts  In  la rg e  b lo c k s  o f 
v a r io u s  m a te r ia l s .  They I n v e s t ig a te d  th e  energy  d e p o s i t io n  
from  show er I n te r a c t io n s  In  v a r io u s  p a r t s  o f  an a b so rb e r  
u s in g  a  m onoenergetlc  I n c id e n t  e le c t r o n  beam from  an a c c e l ­
e r a t o r .  T h e ir  r e s u l t s  a p p ly  to  a  c o l l im a te d  beam in c id e n t  
a t  th e  c e n te r  o f  one fa c e  o f  th e  a b so rb e r  and th u s  r e p r e s e n t  
an  id e a l iz e d  s i t u a t i o n .  The u se  o f  t h e i r  r e s u l t s  f o r  th e  
p r e s e n t  d e te c to r  i s  th e r e f o r e  o n ly  an ap p ro x im a tio n , s in c e  
f o r  in t e r a c t io n s  o c c u rr in g  c lo s e  to  th e  edge o f  th e  N al 
c r y s t a l ,  edge e f f e c t s  w i l l  m odify th e  r e s u l t s  c o n s id e ra b ly  
and w i l l  te n d  to  in c re a s e  th e  s e l f - g a t in g  e f f e c t s .
An in c id e n t  h ig h  energy  gamma ra y  r e q u i r e s  ro u g h ly  
one in te r a c t i o n  le n g th  b e fo re  p roducing  an e le c t r o n  p a i r .
Thus i t  ap p ears  t h a t  a l a r g e r  c r y s t a l  i s  r e q u ir e d  to  con­
t a i n  th e  same en e rg y  fo r  a  p h o to n -in d u ced  show er. However, 
th e  en e rg y  o f each  p a i r  e le c t r o n  i s  l e s s  th a n  th e  i n i t i a l  
pho ton  e n e rg y . Each p a i r  e le c t r o n  i s  more e a s i l y  c o n ta in e d  
th a n  a s in g le  e le c t r o n  o f  en e rg y  e q u a l t o  th e  i n i t i a l  gamma 
ra y  en e rg y . We s h a l l  assume h e re  t h a t  th e  en e rg y  co n ta in m en t 
r e s u l t s  o f  KANTZ and HOFSTADTER (1954) f o r  e le c tro n - in d u c e d  
showers w i l l  h o ld  f o r  eq u a l en e rg y  p h o to n -in d u ced  show ers.
F o r Nal th e  c r i t i c a l  en e rg y  ( th a t  energy  a t  w hich 
r a d ia t io n  energy  lo s s e s  e q u a l io n iz a t io n  en e rg y  lo s s e s  fo r  
e le c t r o n s )  i s  E = 17 .4  MeV (BERGER and SELTZER, 1964) and 
th e  r a d ia t io n  le n g th  i s  Xq = 2 .52  cm, as  c a lc u la te d  from  
e q u a tio n s  in  ROSSI (1 9 5 2 ). The p r e s e n t  sp e c tro m e te r  i s  
th e r e f o r e  11 .6  r a d ia t io n  le n g th s  in  d iam e te r  and 4 .0 5  r a d ia ­
t i o n  le n g th s  th i c k .  From th e  r e s u l t s  o f  KANTZ and HOFSTADTER 
we e s t im a te  th e  fo llo w in g  p e rc e n ta g e  co n ta inm en t o f  energy
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lo s s  In  th e  p r e s e n t  d e te c to r  f o r  In c id e n t  p h o tons o f  th e  
In d ic a te d  e n e r g ie s .







These r e s u l t s  a r e  to  be re g a rd ed  as  o n ly  a  rough approxim a­
t io n  o f  th e  av e rag e  r e s u l t s  ex p ec ted  f o r  shower e v e n ts  in  
N al s in c e  th e  ca scad e  shower in t e r a c t i o n  p ro c e s s  i s  h ig h ly  
v a r ia b le  f o r  th e s e  e n e rg ie s .  However, th e  r e s u l t s  do in d i ­
c a te  t h a t  up to  ** 100 MeV th e  p re s e n t  c r y s t a l  i s  a  f a i r l y  
good t o t a l  a b s o rp tio n  s p e c tro m e te r .
To make an e s tim a te  o f th e  s e l f - g a t in g  lo s s e s  fo r  
th e  p r e s e n t  c r y s t a l  1 have u sed  two m ethods. As a  f i r s t  
e s t im a te  o f  th e  e f f e c t ,  I  have perform ed an e v a lu a t io n  
i d e n t i c a l  to  t h a t  o f  FORREST (1969) w hich i s  based  on th e  
s im p l i f ie d  cascad e  shower th e o ry  o f  WILSON (1951 and 1952). 
The problem  i s  to  f in d  th e  p r o b a b i l i ty  t h a t  a h ig h  energy  
gamma ra y  e v e n t w i l l  p roduce a  s e l f - g a t in g  i n t e r a c t i o n  in  
th e  CPS c u p s . We assume (as does FORREST) th a t  o n ly  th e  
I n i t i a l  p a ir -p ro d u c e d  e le c t r o n s  c o n t r ib u te  to  s e l f - g a t in g  
p r o c e s s .  T h is  n e g le c ts  any p h o tons w hich escap e  from  th e  
c r y s t a l .  WILSON (1951) s t a t e s  th a t  th e  number o f  e le c t r o n s  
(n o t s e c o n d a r ie s )  a t  a  d is ta n c e  t  from  th e  p la c e  o f  p a i r  
\ p ro d u c tio n  i s
n ( t )  = 2 e x p (- t /R ^  ) t
w here = p a i r  range  ( th e  av erag e  d is ta n c e  t r a v e le d  by 
p a ir-p ro d u c e d  e l e c t r o n s ) .  T h is  p a i r  ran g e  i s  g iv en  by
Rw = ln 2 [( l+ l/W )ln (W + l)- l] -R ms
In  t h i s  e q u a tio n  R* i s  in  r a d ia t io n  le n g th s ,  W i s  th e  
i n i t i a l  photon  energ y  ( in  shower energy  u n i t s ,  i . e .  m u lt i ­
p le s  o f  E ln 2 ) and th e  R te rm  c o n ta in s  th e  c o r r e c t io n  due r  c ms
to  m u lt ip le  s c a t t e r i n g  ( <  0 .0 6  r a d ia t io n  le n g th  f o r  pho ton  
e n e rg ie s  > E  ) .  I f  th e  p a i r  p ro d u c in g  in te r a c t i o n  o cc u rs  a t
v
th e  d ep th  t  = 0 , th e  p r o b a b i l i ty  t h a t  one a'r more e le c t ro n s  
a p p e a rs  a t  a  d ep th  t  i s
The p r o b a b i l i ty  t h a t  an in c id e n t  gamma ra y  w i l l  
p roduce a  p a i r  in  d t  a t  a  d e p th  t  i s  j u s t
th e  p a i r  i s  produced a t  th e  d ep th  t ,  e q u a tio n  C-8 can  be 
u sed  to  e x p re ss  th e  p r o b a b i l i t y  t h a t  a t  l e a s t  one e le c t r o n  
w i l l  p e n e t r a te  th e  rem ainder o f  th e  c r y s t a l ,  a  d is ta n c e  L - t ,  
and e s c a p e . T h is  p r o b a b i l i ty  i s  g iv en  by
C onverse ly  th e  p r o b a b i l i t y  t h a t  no e le c t r o n s  w i l l  e scap e  i s  
g iv en  by
C-8
o
P . ( t ) d t  = e x p ( - t /R  ) 
1 R PP
C-9
in te r a c t i o n  le n g th  f o r  p a i r  p ro d u c tio n . Once
P2 ( t )  = R ~  exp t -(L -t) /R ^  ]
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Note t h a t  th e  u se  o f  L = c r y s t a l  th ic k n e s s  h e re  I s  a  good 
ap p ro x im atio n  o n ly  f o r  gamma ra y s  in c id e n t  on th e  f l a t  face  
o f  th e  d e t e c t o r .  In  g e n e ra l  th e  e f f e c t i v e  c r y s t a l  th ic k n e s s  
f o r  th e  p r e s e n t  d e te c to r  v a r ie s  g r e a t ly  w ith  an g le  o f  i n c i ­
d en ce . S ince  we w ant to  know th e  d e te c to r  re sp o n se  to  p a r ­
a l l e l  r a d ia t io n  on th e  symmetry a x i s ,  th e  u se  o f  th e  v a lu e  L 
f o r  th e  e f f e c t iv e  d e te c to r  th ic k n e s s  i s  re a so n a b le  h e r e .
T h is  r e s u l t  b a s i c a l l y  assum es t h a t  th e  shower does n o t sp read  
l a t e r a l l y  to  a g r e a t  d e g re e , o r  th a t  th e  p a i r  e le c t ro n s  move 
ro u g h ly  in  th e  same d i r e c t io n  a s  th e  i n i t i a l  p h o to n .
Combining e q u a tio n s  C-8 and C-10 we o b ta in  f o r  th e  
e f f i c ie n c y  f o r  a  gamma ra y  to  i n t e r a c t  in  th e  d e te c to r  and 
n o t  produce s e l f - g a t in g  th e  r e l a t i o n
L£l = f  e x p ( - t /R  ) [ l - “ - e x p  [ - ( L - t ) /R  ] ] d t ,
J  pp pp 1 w * J
o r
1 R 
“ r  [ l -e x p (-L /R  ) ]  -  RPP_R [expC-L/R, ) -e x p (-L /R  ) ] .
pp PP W pp PP
C - l l
T h is  r e l a t i o n s h i p  was u sed  in  th e  HER e f f ic ie n c y  c a lc u la t io n s  
and th e  r e s u l t s  a r e  seen  in  F ig u re  C»l|. The cu rv e  la b e l l e d  
i s  th e  e f f i c ie n c y  in c lu d in g  t h i s  s e l f - g a t i n g ,  w h ile  th e  
dashed  l in e  i s  th e  d e te c t io n  e f f i c ie n c y  i f  no s e l f - g a t in g  
c o r r e c t io n  i s  a p p l ie d ,  e = l - e " ^ 1.
As a  second e s t im a te  o f  th e  s e l f - g a t in g  e f f e c t  1 
have u sed  th e  fo llo w in g  m odel. The KANTZ and HOFSTADTER r e ­
s u l t s  above in d ic a te  t h a t  a t  a  g iv en  pho ton  e n e rg y , on th e  
a v e ra g e , a  c e r t a i n  p e rc e n ta g e  o f  th e  t o t a l  en e rg y  i s  n o t con­
ta in e d  w ith in  th e  c r y s t a l .  I  have assumed t h a t  th e  e scap in g  
en e rg y  i s  d iv id e d  e q u a lly  among photons whose energy  l i e s  a t  
th e  minimum o f th e  a b s o rp tio n  c ro s s  s e c t io n  v e rsu s  energy
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energy  cu rve  f o r  N a l. T h is  energy  was ta k en  to  be 2 MeV.
F or example a t  E = 90 MeV ro u g h tly  25%  o f  th e  en e rg y , o r 23 
MeV, i s  assumed to  escap e  in  th e  form  o f **11 p h o to n s , each  
o f  energy  2 MeV. The p r o b a b i l i ty  t h a t  a t  l e a s t  one such 
pho ton  w i l l  I n t e r a c t  in  th e  1 cm th i c k  ch arg ed  p a r t i c l e  
s h ie ld  is
n(Ey )
P4 (Et ) = ^  1 - expC -^d),
i= l
2
where d = th ic k n e s s  o f CPS ( ** 1 g/cm  ) ,  and = in te r a c t io n  
mean f r e e  p a th  f o r  a  2 MeV gamma ra y  in  p l a s t i c  (cm ^ /g ), and 
n(E^ ) = th e  number o f  e scap in g  2 MeV p h o to n s . U sing t h i s  
e q u a tio n  th e  e s t im a te  o f th e  d e te c t io n  e f f i c ie n c y  in c lu d in g  
th e s e  s e l f - g a t in g  e f f e c t s  becomes
e2 = { l  -  e x p [ - /< (E Y )L]} P4 (EY ) C-12
f o r  E >E .c
n(E^ ) i s  d e te rm in ed  from th e  p e rc e n t  energy  con­
ta in m en t r e s u l t s  o f  KANTZ and HOFSTADTER as  l i s t e d  e a r l i e r .  
Once a g a in  th e se  r e s u l t s  r e p re s e n t  a  h ig h ly  id e a l iz e d  c a s e , 
b u t do g iv e  an in d ic a t io n  o f  th e  e f f e c t  o f th e  e scap in g  
energy  in  th e  form  o f p h o to n s . The r e s u l t s  f o r  t h i s  e s tim a te  
o f  s e l f - g a t in g  e f f e c t s  a r e  shown in  F ig u re  C-4 as th e  
c u rv e .
The r e s u l t s  o f  th e  f i r s t  method r e p re s e n t  a  v e ry  
sm a ll c o r r e c t io n  to  th e  cu rv e  w hich in c lu d e s  no s e l f - g a t i n g .  
T h is i s  due to  th e  f a c t  t h a t  even though th e  i n i t i a l  p a i r  
e le c t r o n s  may be o f  h ig h  en e rg y , t h e i r  range  i s  s h o r t  due to  
r a d ia t io n  and io n iz a t io n  lo s s e s .  Hence th e y  can be c o n ta in e d  
w ith in  th e  c r y s t a l .  R e c a ll  o f c o u rse  t h a t  t h i s  method does 
n o t c o n s id e r  th e  p ro d u c tio n  o f th e  seco n d ary  photons and
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e le c t r o n s  and t h e i r  p o s s ib le  e sp ap e  and d e te c t io n  In  th e  
ch a rg ed  p a r t i c l e  s h ie ld .
Under th e  assum ptions o f  th e  second method th e  s e l f ­
g a t in g  lo s s e s  become q u i te  la rg e  as energy  In c re a s e s  and 
re a c h  a  p o in t  w here e v e ry  ev en t i s  v e to e d  by th e  charged  
p a r t i c l e  s h ie ld .  T h is q u a l i t a t i v e  r e s u l t  i s  more what i s  
ex p e c te d  to  o c c u r , s in c e  f o r  a  la rg e  amount o f  energy  e s c a p ­
in g  from  th e  c r y s t a l  th e re  w i l l  on th e  av erag e  be a  la rg e  
number o f  e scap in g  seco n d ary  p a r t i c l e s  o r  pho tons o f  s u f f i c ­
i e n t  energy  to  be d e te c te d  in  th e  charged  p a r t i c l e  s h ie ld .  
A lthough th e  second e s t im a te  i s  id e a l iz e d ,  i t  p ro b ab ly  more 
c lo s e ly  r e p r e s e n ts  th e  t r u e  s e l f - g a t in g  lo s s e s .
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APPENDIX D
ATMOSPHERIC GAMMA RAY AND NEUTRON BACKGROUNDS
1. Gamma Ray Background C o n tr ib u tio n s
The a b i l i t y  o f any b a llo o n -b o rn e  gamma ra y  d e te c to r  
t o  m easure v e ry  low f lu x e s  from  th e  Sun o r  o th e r  e x t r a t e r ­
r e s t r i a l  so u rce s  I s  s e v e re ly  r e s t r i c t e d  by th e  h ig h  I n te n s i ty  
o f  background r a d ia t io n  p r e s e n t  In  th e  a tm osphere . T h is  I s  
p a r t i c u l a r l y  t r u e  in  th e  c a se  o f  an i s o t r o p ic  (o r  o m n id irec ­
t i o n a l )  d e te c to r  w hich has ap p ro x im a te ly  e q u a l s e n s i t i v i t y  
to  r a d ia t io n s  im pinging  from  d i f f e r e n t  d i r e c t i o n s .  I t  i s  
th e  pu rpose  o f  t h i s  appendix  to  d is c u s s  th e  co n tin u o u s  and 
l i n e  c o n t r ib u t io n s  to  th e  background c o u n tin g  r a t e s  w hich 
a r e  due to  a tm o sp h eric  gamma ra y s  and n e u tro n s .
The a tm o sp h eric  gamma ra y  f lu x  a t  b a l lo o n  a l t i t u d e s  
h a s  been m easured f o r  e n e rg ie s  in  th e  range  0 .1  -  10 MeV by 
PETERSON e t  a l .  (u n p u b lish e d  m easurem ents) and above 30 MeV 
by FICHTEL e t  a l .  (1 9 6 9 ). Both m easurem ents w ere made a t
9
an  a tm o sp h eric  d ep th  o f  3 .5  g/cm a t  a  geom agnetic l a t i t u d e  
o f  A = 40°N. F ig u re  D -l shows PETERSON*S m easured spectrum  
above 100 keV, w hich i s  a  r e l a t i v e l y  smooth continuum  ex cep t 
f o r  th e  a n n ih i l a t io n  l i n e  c o n t r ib u t io n  a t  0 .5  MeV. Note t h a t  
th e  m easurem ents o f  PETERSON do n o t r e p r e s e n t  a t r u e  photon  
f lu x  (pho tons cm ^sec  ^MeV ^) b u t r a th e r  an energy  lo s s  
spectrum  in  t h e i r  d e te c to r  (co u n ts  cm"^sec"HfeV- ^ ) . The r e ­
s u l t s  o f  FICHTEL e t  a l . ,  a l s o  shown in  F ig u re  D - l ,  have been 
c o r r e c te d  fo r  e f f i c i e n c y  and th e r e f o r e  r e p r e s e n t  a  photon  
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F ig u re  D - l .  M easured and c a lc u la te d  r e s u l t s  f o r  .the atm os­
p h e r ic  gamma ray  spectrum  a t  b a llo o n  a l t i t u d e s  
(3 .5  g /cm ?, Am * 40°N ). N ote th a t  th e  p re s e n t  
ex p erim en t and th e  r e s u l t s  o f  FB.tSASON e t  § !•  
(1966) a r e  p u lse  h e ig h t  s p e c t r a  (counts/cm ^ 
sec MeV) c o r r e c te d  to  3 .5  g/cm? and A * 40°N, 
w h ile  th e  rem ain in g  r e s u l t s  r e p re s e n t  t r u e  
photon  f lu x  s p e c tr a  (photons/cm ^ se c  MeV), Note 
t h a t  th e  cu rv e  o f  FORRBST (1969) i s  v a l id  f o r  
z e ro  g/cra? d e p th .
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be v e ry  c lo s e  to  th e  t r u e  garana ra y  spectrum  because th e  
d e te c to r  e f f i c ie n c y  o f t h e i r  3" x 3" Nal s c i n t i l l a t i o n  
c o u n te r  i s  h ig h  f o r  th e s e  e n e rg ie s .  I f  th e  d e te c to r  re sp o n se  
i s  u sed  to  u n fo ld  t h e i r  energy  lo s s  spec trum , th e  n e t  r e s u l t  
w i l l  be a  h a rd en in g  o f t h e i r  energy  lo s s  spectrum . A c ru d e  
u n fo ld in g  o f PETERSON’ S spectrum  was perform ed by FORREST 
(1969) u s in g  a  g e n e ra te d  re sp o n se  m a tr ix  f o r  a  3" x 3" Nal 
d e t e c t o r .  The spec trum  o b ta in e d  from  t h i s  u n fo ld in g  p ro ce ss  
when e x t r a p o la te d  to  z e ro  g/cm  was c a lc u la te d  to  be
dN/dE^ = (1 .0  + 0 .2 )E ’ ( 1 *2 -  °* 2) photons cm’ 2 s e c ’ 1 MeV-1
T h is  c a lc u la te d  photon  spectrum  i s  in d ic a te d  in  F ig u re  D -l a s  
a  dashed l i n e .
PUSKIN (1970) has a l s o  made th e o r e t i c a l  c a lc u la t io n s
o f  th e  ex p ec ted  a tm o sp h eric  gamma ra y  spectrum  v a l id  a t  an
a tm o sp h eric  d ep th  o f  3 .5  g/cm  and geom agnetic l a t i t u d e  o f
41°N. The re a d e r  i s  r e f e r r e d  to  PUSKIN’ S r e p o r t  f o r  d e t a i l s
o f  th e s e  c a lc u l a t i o n s .  H is c a lc u la t io n s  fo r  th e  continuum
p o r t io n  o f  th e  t o t a l  a tm o sp h e ric  spectrum  a r e  w e ll  f i t  by
th e  fu n c tio n  d N /d E ^ 0 .2 5 E ^  2 *^ photons cm 2 sec 1 MeV 1
below 500 keV, and by dN/dE ** 0.47E pho tons cm ^ sec  1
- 1  7  7
MeV above 500 keV. These cu rv es  a r e  p lo t t e d  in  F ig u re  D -l
as  th e  d o t-d a sh e d  l i n e .  Note t h a t  t h i s  cu rv e  does n o t in c lu d e  
th e  0 .5  MeV l in e  c o n t r ib u t io n  w hich he a l s o  c a l c u l a t e s .
U sing a g e n e ra te d  re sp o n se  m a tr ix  f o r  a 3" x 3" N al c r y s t a l  
he was a b le  to  o b ta in  agreem ent w ith  PETERSON'S m easured 
en e rg y  lo s s  spectrum  from  h i s  t h e o r e t i c a l  c a lc u la te d  atm os­
p h e r ic  photon sp ec tru m . T h is  c a lc u la t io n  in c lu d e d  th e  con­
t r i b u t i o n  from  e x t r a t e r r e s t r i a l  p rim ary  gamma ra y s  a s  
m easured by METZGER e t  a l .  (1 9 6 4 ).
In  a d d i t io n  to  th e  continuum  spectrum  and 0 .5  MeV 
a n n ih i l a t io n  l i n e  f e a t u r e ,  PUSKIN a l s o  p r e d ic t s  th e  p resen ce
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o f a  l i n e  a t  6 .13  MeV from  th e  f a s t  n e u tro n  I n e l a s t i c  s c a t ­
t e r in g  r e a c t io n  0 ^ * (n ,n ’ ) 0 ^ *  w ith  subsequen t d e e x c i ta t io n  
o f  th e  e x c i te d  0^* n u c le u s . A s im i la r  p ro ce ss  fo r  in  th e
atm osphere shou ld  produce much le s s  in te n s e  l i n e s .  He c a l -
16 -  3c u la te s  th e  s t r e n g th  o f  th e  0 l i n e  to  be I (6 .1 3 ) ~ 6 .4  x 10
-2  -1photons cm sec . Assuming is o t ro p y  fo r  t h i s  f lu x ,  and
2u s in g  an i s o t r o p ic  geom etry f a c to r  o f  Gq = 570 cm f o r  th e  
p re s e n t  d e te c to r  and a  photopeak e f f i c ie n c y  = 0 .29  a t  6 .13  
MeV, we would ex p ec t a  co u n tin g  r a t e  in  th e  d e te c to r  o f  1 .1  
c o u n ts /s e c  due to  t h i s  l i n e .  T h is  shou ld  be a  m easurab le 
e f f e c t  in  th e  la rg e  s p e c tro m e te r .
The r e s u l t s  o b ta in e d  by PETERSON were perform ed w ith  
a 3" x 3" c r y s t a l  h av in g  n e a r ly  i s o t r o p ic  re sp o n se , and 
hence t h e i r  f lu x  r e p r e s e n ts  an e q u iv a le n t  o m n id ire c tio n a l 
f lu x .  The Monte C a rlo  c a lc u la t io n s  o f th e  p ro d u c tio n  o f 
seco n d ary  gamma ra y s  in  th e  atm osphere from 0 .1  - 10 MeV by 
PUSKIN (1970) show g r e a t  a n is o tro p y  in  t h i s  r a d ia t io n .  H is 
c a lc u la t io n s  show t h a t  th e  gamma ra y s  r e s u l t in g  from brem s- 
s tr a h lu n g  o f  cosm ic ra y  e le c t r o n s  in  th e  atm osphere (which 
r e p re s e n t  847» o f th e  t o t a l  gamma ra y  f lu x )  a r e  h ig h ly  a n is o -  
t r o p ic  from  0 .1  to  10 MeV. At 3 .5  g/cm  a tm o sp h eric  d ep th  
th e  r a t i o  o f  upward moving to  downward moving photons v a r ie s  
from  ~ 4 :1  a t  500 keV to  -^ 8 :1  a t  10 MeV. At th e  0 .5  MeV 
a n n ih i l a t io n  l in e  th e  c a lc u la te d  up-down asymmetry i s  * '2 .3  
(PUSKIN, 1970). He a l s o  p r e d ic ts  t h a t  th e  downward f lu x  
w i l l  v a ry  rough ly  a s  sec  0 ,  where 0 i s  th e  z e n i th  a n g le  
m easured from  th e  v e r t i c a l .
T h is  same ty p e  o f  asynm etry  in  th e  a tm o sp h eric  f lu x  
h as  been e x p e r im e n ta lly  observed  above 100 MeV by FICHTEL e t  
a l .  (1 9 6 9 ). They observed  a  sec  0 r i s e  from 0 = 0 °  to  a 
maximum a t  0 * 90° and a d e c l in e  from  0 = 90° to  180°. At 
0 = 180° th e  d i r e c t i o n a l  f lu x  i s  n e a r ly  eq u a l to  th e  v a lu e
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a t  9 = 0 .  H ence, a t  e n e rg ie s  > 1 0 0  MeV th e  m a jo r i ty  o f  th e  
a tm o sp h eric  gamma ra y  f lu x  comes from  th e  h o r iz o n  d i r e c t i o n .  
T h is  type o f  a n is o tro p y  I s  im p o rta n t in  d e te rm in in g  back­
ground c o n t r ib u t io n s  f o r  d i r e c t i o n a l  d e te c to r s  flow n a t  h ig h  
a l t i t u d e s .
The m easured spectrum  f o r  th e  p r e s e n t  d e te c to r  as 
o b ta in e d  on f l i g h t  558P i s  a ls o  shown in  F ig u re  D - l .  T h is 
spec trum  r e p r e s e n ts  th e  m easured energy  lo s s  spectrum  c o r ­
r e c te d  f o r  dead tim e lo s s e s  and th e  a t te n u a t io n  in  th e  
su rro u n d in g  m a te r ia l s .  S ince f l i g h t  558P f lo a te d  a t  an 
a tm o sp h eric  d ep th  o f  «  3 .5  g/cm  a t  an approx im ate  geomag­
n e t i c  l a t i t u d e  o f 40°N, th e  spectrum  i s  d i r e c t l y  com parable
to  th a t  o f  PETERSON e t  a l .  The l i n e  c o n t r ib u t io n s  from  1 .1
60to  1 .5  MeV in  th e  p r e s e n t  spectrum  a re  due to  th e  Co in -
40 „f l i g h t  c a l i b r a t i o n  so u rce  p lu s  th e  K (1 .4 6  MeV) background 
l i n e  i n t r i n s i c  to  th e  d e t e c to r .  The enhancem ents a t  e n e rg ie s  
o f  * * 4 .3 , 6 .1 ,  and 6 .8  MeV ap p ear to  be r e a l  e f f e c t s .  They 
have n o t been in v e s t ig a te d  f u r th e r  a s  y e t .  As F ig u re  D -l 
show s, th e  energy  lo s s  spectrum  f o r  th e  p r e s e n t  d e te c to r  i s  
somewhat f l a t t e r  th a n  t h a t  o f  PETERSON. T h is  i s  to  be expec­
te d  because o f  th e  in c re a s e d  h ig h  energy  e f f ic ie n c y  o f  th e  
la rg e  sp e c tro m e te r  o v er th e  3" x 3" N al d e t e c to r .  The energy  
lo s s  spectrum  o f  th e  p r e s e n t  d e te c to r  sh o u ld  g iv e  a  c lo s e r  
ap p ro x im a tio n  to  th e  t r u e  a tm o sp h eric  pho ton  spectrum  th an  
PETERSON'S m easurem ent.
The i n t e n s i t y  in  th e  peak  a t  0 .5  MeV f o r  th e  p re s e n t  
experim en t was d e te rm in ed  by u s in g  a  com puter f i t t i n g  r o u t in e .  
T h is  program  f i t t e d  th e  continuum  on e i t h e r  s id e  o f th e  peak  
w ith  a two e x p o n e n tia l  f u n c t io n .  T h is fu n c t io n  was u se d  to  
s u b t r a c t  th e  continuum  from  th e  t o t a l  in  th e  peak  r e g io n .
The rem ainder was th en  f i t  by a  G aussian  fu n c tio n  and th e  
b e s t  f i t  a re a  tak en  a s  th e  peak  c o u n tin g  r a t e .  T h is  r a t e
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was th e n  c o r r e c t e d ' f o r  dead tim e and a t te n u a t io n  lo s s e s .
2
U sing a  Gq = 570 cm , and a  pho topeak  e f f i c ie n c y  o f  € =
0 .7 9  a t  0 .5  MeV, th e  r e s u l t i n g  e q u iv a le n t  i s o t r o p ic  0 .5  MeV
-2  -1l i n e  f lu x  was found to  be 0 .1 7  pho tons cm sec a t  3 .5  
g/cm  a tm o sp h eric  d e p th . T h is  i s  in  e x c e l l e n t  agreem ent 
w ith  th e  e a r l i e r  m easurem ents o f CHUFP e t  a l . (1 9 6 9 ).
2 . N eu tron  Background E f f e c ts
Any s c i n t i l l a t i o n  d e te c to r  flow n a t  b a llo o n  a l t i t u d e s  
w i l l  a c tu a l ly  m easure a  " n e u tra l"  energ y  lo s s  sp ec tru m .
S in ce  n e u tro n s  escape  d e te c t io n  by th e  charged  p a r t i c l e  
s h i e ld ,  th e y  can  add an unw anted c o n t r ib u t io n  to  th e  d e s i r e d  
p u re  gamma ra y  sp ec tru m . These n e u tro n s , th rough  v a r io u s  
n u c le a r  in t e r a c t io n s  in  th e  c r y s t a l ,  can le a d  to  gamma ra y s  
and o th e r  d e te c ta b le  p a r t i c l e s  w hich may d i s t o r t  th e  t r u e  
gamma ra y  sp ec tru m . I f  th e  n e u tro n  c o n t r ib u t io n  to  th e  
m easured spectrum  i s  l a r g e ,  th e  a n a ly s is  o f  th e  e x p e rim e n ta l 
r e s u l t s  becomes much more d i f f i c u l t ,  and th e  assum ption  t h a t  
one has m easured a  p u re  gamma ray  spec trum  i s  g r e a t ly  in  
e r r o r .  For t h i s  re a so n  th e  background e f f e c t s  in  th e  c r y s t a l  
due to  th e  am bien t a tm o sp h eric  n e u tro n s  a r e  c o n s id e re d .
The m ajor p ro c e s se s  by w hich n e u tro n s  can p roduce  
gamma ra y  e v e n ts  in  th e  d e te c to r  a re  (1 ) gamma ra y s  p roduced  
in  N al by a tm o sp h eric  th e rm a l n e u tro n s , (2) gamma ra y s  from  
s ta r -p ro d u c in g  n e u tro n  r e a c t io n s  in  th e  N al, (3 ) e v e n ts  due 
to  th e  i n t e r a c t i o n  o f  f a s t  n eu tro n s  in  th e  N al, (4 ) p ro d u c­
t io n  o f  2 .2 3  MeV gamma ra y s  by m odera tion  and subsequen t 
c a p tu re  o f  f a s t  n e u tro n s  in  th e  ch a rg ed  p a r t i c l e  s h ie ld ,  and 
(5 ) p ro d u c tio n  o f  r a d io a c t iv e  gamma ra y  e m i t te r s  by a c t iv a ­
t i o n  o f  th e  c r y s t a l  o r  su rro u n d in g  m a te r ia l s .  P ro c e sse s  ( 1 ) ,  
( 2 ) ,  and (3 ) c o n t r ib u te  to  th e  gamma ra y  continuum  w h ile
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p ro c e s se s  (4 ) and (5 ) g iv e  l i n e  c o n t r ib u t io n s .
C a lc u la t io n s  o f  th e  r e l a t i v e  c o n t r ib u t io n s  e x p ec ted  
from  each  o f th e s e  p ro c e s se s  w ere made f o r  a geom agnetic 
l a t i t u d e  Tv ^  40°N and a tm o sp h eric  d ep th  o f  ** 4 g/cm  ( th e  
approx im ate  p a ram e te rs  f o r  th e  b a l lo o n  f l i g h t  o f  June 7 ,
1 9 7 0 ). Each p ro c e s s  i s  d is c u s s e d  b r i e f l y  and th e  method o f 
c a lc u la t io n  p r e s e n te d .
(1) Therm al n e u tro n  c a p tu re  r e a c t io n s  in  th e  Na and 
I  o f  th e  d e te c to r  have r a th e r  la rg e  c ro s s  s e c t io n s  and p ro ­
duce a  com plex spectrum  o f  gamma ray s  r e s u l t i n g  from  th e  
su b seq u en t decay  o f th e  e x c i te d  n u c l e i .  T h is i s  p a r t i c u l a r l y  
t r u e  fo r  Na, f o r  w hich a la rg e  number o f p o s s ib le  gamma ra y  
l in e s  can r e s u l t  above 100 keV (GROSHEV e t  a l . ,  1959). The 
c o u n tin g  r a t e  e f f e c t  o f  such e v e n ts  p roduced  by th e  d i r e c t  
i n t e r a c t i o n  o f  th e  a tm o sp h eric  th e rm a l n e u tro n  f lu x  w ith  
th e  d e te c to r  was e s tim a te d  by th e  method used  by JONES (1 9 6 1 ). 
U sing th e  a tm o sp h eric  n e u tro n  c a p tu re  r a t e  m easurem ents o f  
HAYMES and KORFF (1 9 6 0 ), he was a b le  to  c a l c u l a t e  th e  c a p tu re  
r a t e  in  h is  b a llo o n -b o rn e  C s l phosw ich d e te c to r  a t  a  l a t i t u d e  
Tv = 41°N and a tm o sp h eric  d ep th  *>5.4 g/cm  . The c a lc u la t io n s  
w ere based  on th e  f a c t  t h a t  th e  d e te c to r s  in  b o th  ex p erim en ts 
(BF^ p r o p o r t io n a l  c o u n te rs  in  th e  c a se  o f  HAYMES and KORFF) 
w ere " l / v "  a b s o rb e rs  ( in  o th e r  w ords, th e  c a p tu re  c ro s s  s e c ­
t i o n ,  o ^ 1 / v  f o r  n e u tro n s  o f  n e a r  th e rm a l e n e rg y ) . T h iso
a llo w ed  th e  co u n tin g  r a t e s  o f  HAYMES and KORFF to  be r e a d i ly  
c o n v e rte d  to  c o u n tin g  r a t e s  in  h is  d e t e c to r .
The same method was u se d  f o r  th e  p r e s e n t  N al d e te c ­
t o r .  The m easurem ents o f  HAYMES and KORFF, made a t  a g eo ­
m agnetic  l a t i t u d e  o f  55°N, w ere reduced  by a  f a c t o r  o f  1 .3  
(SOBERMAN, 1956) to  c o r r e c t  them  to  a  geom agnetic l a t i t u d e  
o f  40°N. Therm al n e u tro n  c ro s s  s e c t io n s  o f  7 .0  b a rn s  f o r  I  
and 0 .505  b a m s  f o r  Na (HUGHES and SCHWARTZ, 1958; GROSHEV
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e t  a l . ,  1959) im ply a  7 .51  b a rn s /m o lecu le  th e rm al n eu tro n
c a p tu re  c ro s s  s e c t io n  in  N a l. Using t h i s  c ro s s  s e c t io n  an
av erag e  e f f e c t iv e  a r e a  fo r  th e rm a l n e u tro n  c a p tu re  o f  ^  430 
2
cm was c a lc u la te d  f o r  th e  p re s e n t d e te c to r  (assum ing an e f -
2
f e c t iv e  th ic k n e ss  o f  **12.7 cm and G -  570 cm ) .o
The c a lc u la te d  co u n tin g  r a t e  in  th e  N al c r y s t a l  due
2
to  th e rm a l n eu tro n  c a p tu re  a t  3 .5  g/cm a tm ospheric  dep th  
and =  40°N was found to  be ^ 7  c o u n ts /s e c ,  o r **0.5% of 
th e  t o t a l  n e u t r a l  co u n tin g  r a t e  observed  above 250 keV. I t  
shou ld  be p o in te d  o u t h e re  th a t  th e  c a lc u la t io n  assumes t h a t  
ev e ry  n e u tro n  c a p tu re  produces a gamma ra y  in  t h i s  energy 
re g io n  and th a t  ev e ry  gamma ra y  was d e te c te d  in  th e  c r y s t a l .  
Hence, th e  0.5% f ig u re  i s  an o v e re s tim a te  o f  th e  e f f e c t .
T h is r e s u l t  ag ree s  rough ly  w ith  th e  r e s u l t s  o f KASTURIRANGAN 
(1 9 7 1 ), who c a lc u la te d  a 3% e f f e c t  f o r  a 1" d iam ete r x 1 /2" 
th ic k  Nal sp e c tro m e te r  a t  7 .0  g/cm atm ospheric  d ep th  and 
f o r  e q u a to r ia l  l a t i t u d e s .
(2 ) The c o n t r ib u t io n  from s ta r -p ro d u c in g  n eu tro n  
in te r a c t io n s  has been e s tim a te d  by JONES (1961) and 
'  KASTURIRANGAN (1971) and found to  be a  n e g l ig ib le  e f f e c t  in  
t h e i r  r e s p e c t iv e  d e te c to r s .  C a lc u la tio n s  w ere made f o r  th e  
p r e s e n t  d e te c to r  by c o r r e c t in g  th e  s ta r -p ro d u c in g  a tm o sp h eric  
n e u tro n  m easurements o f  LORD (1951), made a t  a r e s id u a l  d ep th  
o f  45 g/cm2 and geom agnetic l a t i t u d e  o f 55°N to  a geom agnetic 
l a t i t u d e  o f  41°N and atm ospheric  d ep th  o f  3 .5  g/cm . The 
a tm o sp h eric  d ep th  c o r r e c t io n  was e v a lu a te d  from th e  f a s t  
n e u tro n  f lu x  v e rsu s  p re s s u re  measurements o f  HAYMES (1964) 
a t  41°N l a t i t u d e .  A l a t i t u d e  c o r r e c t io n  o f 0 .4 4  o b ta in e d  
from  HOLT e t  a l .  (1966) was u sed  to  c o r r e c t  th e  n eu tro n  f lu x  
from  ^ = 55°N to  A = 41°N. G eom etrica l c ro s s  s e c t io n s  o f 
1 .4 9  b a rn s  f o r  I 127 (LORD, 1951) and 0 .7 3  b a rn  f o r  Na23 were 
u sed  in  c a lc u la t in g  th e  d e te c to r  s e n s i t i v i t y .
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The r e s u l t s  show th a t  t h i s  e f f e c t  i s  * 1 %  o f th e
o
t o t a l  n e u t r a l  co u n tin g  r a t e  a t  3 .5  g/cm  a tm ospheric  d e p th .
(3) A nother n eu tro n -In d u ced  e f f e c t  I s  th e  d i r e c t  
I n te r a c t io n  o f  f a s t  a tm ospheric  n eu tro n s  in  th e  c r y s t a l  
le a d in g  to  gamma ray s  and charged  p a r t i c l e  p ro d u c ts  which 
y ie ld  e v e n ts  in  th e  c r y s t a l .  To e s tim a te  th e  c o n t r ib u t io n  
o f  t h i s  p ro c e ss  th e  fo llo w in g  eq u a tio n  was e v a lu a te d ,
Emax
R (c o u n ts /s e c )  = e J *  d E ^  • A(E)dE,
^min
where € i s  th e  average  e f f ic ie n c y  f o r  d e te c t io n  o f th e  r e a c ­
t io n  p ro d u c ts ,  dN(E)/dE i s  th e  energy dependent d i f f e r e n t i a l  
a tm ospheric  f a s t  n eu tro n  f lu x  (n eu tro n s/cm  sec  MeV) a t  
b a llo o n  a l t i t u d e s ,  A(E) i s  th e  energy  dependent e f f e c t iv e  
c ro s s  s e c t io n  (cm ) fo r  f a s t  n eu tro n  in te r a c t io n s  in  th e  
N al c r y s t a l ,  and E^ ^  and E ^ ^  d e f in e  th e  energy  range o f 
n e u tro n s  in c lu d ed  in  th e  c a lc u l a t i o n .  For dN(E)/dE th e  
m easured a tm ospheric  f a s t  n eu tro n  s p e c tr a  o f  HAYMES (1964) 
and HESS e t  a l .  (1959) and c a lc u la t io n s  o f LINGENFELTER 
(1963) were u se d . T h is f lu x  was assumed to  be an i s o t r o p ic  
f lu x .  A(E) was c a lc u la te d  from  th e  energy  dependent non­
e l a s t i c  n eu tro n  r e a c t io n  c ro s s  s e c t io n s  fo r  Nal found in  
HOWERTON (1958), and an i s o t r o p ic  geom etry f a c to r  o f  570 cm^ 
was used  f o r  th e  d e te c to r .  The eq u a tio n  was e v a lu a te d  by 
nu m erica l in te g r a t io n  f o r  a tm ospheric  n eu tro n s  in  th e  range
E , = 200 KeV to  E = 100 MeV u s in g  e ~  0 .7 5 .min max
Note t h a t  th e  n o n - e la s t ic  n eu tro n  c ro s s  s e c t io n s  
r a th e r  th an  th e  t o t a l  n e u tro n  c ro s s  s e c t io n s  were u se d . 
E la s t i c  n e u tro n  s c a t t e r in g  in t e r a c t i o n s ,  (n ,n ')>  w ere n eg lec  
te d  because th e  s c a t te r e d  n e u tro n  i s  assumed n o t to  i n t e r a c t  
e lsew here  in  th e  c r y s t a l  and hence w i l l  n o t produce an  ev en t
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Under th e s e  assum ptions th e  c a lc u la te d  co u n tin g  r a t e
from  f a s t  n e u tro n s  o f 43 c o u n ts /s e c  r e p re s e n ts  3% o f  th e
2
t o t a l  ex p ec te d  n e u t r a l  co u n tin g  r a t e  a t  3 .3  g/cm  r e s id u a l  
d e p th .
(4 ) A rough e s t im a te  was made o f  th e  c o u n tin g  r a t e  
due to  th e  p ro d u c tio n  o f 2 .2 3  MeV d eu te ro n  fo rm a tio n  gamma 
ray s  In  th e  p l a s t i c  charged  p a r t i c l e  s h ie ld  from  th e  th e rm a l
o
n e u tro n  c a p tu re  r e a c t io n  p+n -*■ H + y . CHUPP e t  a l .  (1968) 
have s tu d ie d  t h i s  p rob lem  and f in d  t h a t  p ro d u c tio n  due to  
am bien t a tm o sp h eric  th e rm a l n eu tro n s  i s  th e  m ajor c o n t r ib u ­
t o r ,  a s  opposed to  th e  lo c a l  p ro d u c tio n  o f  th e rm a l n eu tro n s  
and subsequen t c a p tu r e .
The p l a s t i c  s c i n t i l l a t o r  was assumed to  a c t  a s  a  
" l / v "  a b s o rb e r . By com parison o f th e  c ro s s  s e c t io n  u sed  by 
HAYMES and KORFF (1960) to  th a t  c a lc u la te d  f o r  my charged  
p a r t i c l e  s h ie ld ,  t h e i r  e x p e rim en ta l th e rm a l n e u tro n  c a p tu re  
r e s u l t s  were c o r r e c te d  to  g iv e  a maximum p ro d u c tio n  r a t e  o f  
2 .2 3  MeV gamma ray s  in  th e  p l a s t i c  s c i n t i l l a t o r .  U sing oc
^  0 .3 2  b a rn  f o r  th e  hydrogen in  th e  s c i n t i l l a t o r  and an
9
i s o t r o p ic  geom etry f a c t o r  o f  2150 cm f o r  th e  p l a s t i c  s c in ­
t i l l a t o r  s h ie ld ,  th e  e f f e c t iv e  a r e a  f o r  n e u tro n  c a p tu re  in
2th e  s h ie ld  was found to  be 40 cm . The p ro d u c tio n  r a t e  was 
c a lc u la te d  to  be 0 .615  (2 .2 3  MeV p h o to n s /s e c )  in  th e  e n t i r e  
s h i e ld .  The pho tons so  produced  a re  e m itte d  i s o t r o p i c a l l y  
in to  a  4w s o l i d  a n g le .  Assuming t h a t  th e  d e te c to r  i n t e r ­
c e p ts  an av e rag e  s o l id  a n g le  o f w sr fo r  any p o in t  in  th e  
s h i e ld ,  we f in d  t h a t  0 .1 5  (2 .2 3  MeV p h o to n s /se c )  a re  in c id e n t  
on th e  d e t e c to r .  W ith a  pho topeak  e f f i c ie n c y  o f  0 .4 3  a t  2 .2  
MeV, we ex p e c t t h a t  a  l i n e  c o n t r ib u t io n  a t  2 .2 3  MeV o f 
$ 0 ,0 6 6  c o u n ts /s e c  sh o u ld  r e s u l t  from  th e rm a l n e u tro n  cap ­
tu r e  in  th e  p l a s t i c  s h ie ld .
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(5) In  a d d i t io n  to  th e  above p ro c e s s ,  gamma ra y  
l in e  c o n t r ib u t io n s  a t  numerous e n e rg ie s  can be produced  
th ro u g h  a c t iv a t io n  o f  th e  N al c r y s t a l  i t s e l f  o r  su rro u n d in g  
mass by in c id e n t  n eu tro n s  and ch arg ed  p a r t i c l e s  w hich produce 
r a d io a c t iv e  s p e c ie s .  These n u c l id e s  th e n  decay a t  t h e i r  
c h a r a c t e r i s t i c  decay r a t e  p roducing  c o n tam in a tio n  gamma ra y  
e v e n ts  in  th e  c r y s t a l .  An example o f  a  n e u tro n -in d u c e d  r e a c ­
t io n  i s  th e  p ro d u c tio n  o f  0 ,5  MeV gamma ray s  from  th e  r e a c -
127 126 t io n  ^ I  (n ,2 n )^ ^ I  , fo llo w ed  by th e  p o s i t r o n  decay  o f
th e  ^ I ^ 6  w ith  a  13.2 day h a l f  l i f e .  T h is would a c tu a l ly  
produce a continuum  c o n t r ib u t io n  due to  th e  en e rg y  lo s s  o f  
th e  p o s i t r o n .  T h is does n o t ap p ear to  be a s ig n i f i c a n t  
p ro c e ss  f o r  a  b a llo o n  f l i g h t  o f  ** 8 h r s  d u ra t io n  because  o f  
i t s  low p ro d u c tio n  r a t e  and long  h a l f  l i f e .  O th er such  r e ­
a c t io n s  a re  I * ^ ( n ,Y  and N & \n,Y  )N&^ in  th e  c r y s t a l ,
and th e  A l ^ ( n , a ) N a ^  r e a c t io n  in  th e  aluminum o f  th e  s u r -
24round ing  gondo la  fram e and e l e c t r o n i c s .  The Na decays 
v ia  e m iss io n  w ith  99% o f th e  decays r e s u l t i n g  in  prom pt
1 .37  MeV and 2 .7 5  MieV gamma ra y s  e m itte d  by th e  d au g h te r
24 128 -  128n u c leu s  Mg . I  decays by p em iss io n  le a d in g  to  Xe
w hich y ie ld s  a  0.455 MieV prom pt gamma ra y  in  157o o f th e
c a s e s .
In  a d d i t io n  to  n e u tro n - in d u c e d  r e a c t io n s ,  charged  
p a r t i c l e  r e a c t io n s  (p red o m in a te ly  p ro to n -in d u c e d )  can le a d  
to  r a d io a c t iv e  s p e c ie s .  These in te r a c t io n s  co u ld  p ro v id e  
th e  dom inant c o n t r ib u t io n  s in c e  th e  ch arg ed  p a r t i c l e  f lu x e s  
a re  much h ig h e r  th a n  th e  n e u t r a l  f lu x e s  a t  b a l lo o n  a l t i t u d e s .  
A lthough th e  charged  p a r t i c l e  i s  v e to e d  by th e  charged  
p a r t i c l e  s h i e ld ,  th e  r a d io a c t iv e  n u c l id e  i t  p roduces in  th e  
c r y s t a l  w i l l  decay  a t  a  l a t e r  tim e g iv in g  m easurab le  gamma 
ra y  e v e n ts .  Such a c t iv a t io n  e f f e c t s  have been observed  in  
s a t e l l i t e  ex p erim en ts  w hich p ass  th ro u g h  th e  in n e r  r a d ia t io n
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b e l t  (PETERSON, 1965; PETERSON e t  a l . ,  1968) where th e  
p ro to n  f lu x  i s  v e ry  h ig h . F luxes o f  s im i la r  p a r t i c l e s  a re  
much low er in  th e  e a r t h 's  a tm o sp h ere .
In  b a llo o n -b o rn e  ex p erim en ts  co n tam in a tio n  l i n e  con­
t r i b u t i o n s  have been seen  in  th o se  ex p erim en ts  u s in g  la r g e ,  
m assive a c t iv e  o r  p a s s iv e  sh ie lds su rro u n d in g  th e  d e t e c to r .
A number o f  m onoenergetic  l i n e  c o n t r ib u t io n s  w ere a l s o  ob-
o
se rv e d  in  a  15 .3  cm G e(L i) s o l id  s t a t e  d e te c to r  (WOMACK and 
OVERBECK, 1970) flow n a t  a  d ep th  o f  4 .7  g/cm ^. These l in e s  
were a t t r i b u t e d  to  th e  p ro d u c tio n  o f  r a d io a c t iv e  n u c l id e s  
from  (n ,y  ) r e a c t io n s  in  th e  Ge. The p r e s e n t  experim en t has 
no m assive s h ie ld  n e a r  th e  d e t e c to r .  In  any e v e n t ,  c a lc u l a ­
t io n s  o f  th e s e  e f f e c t s  a re  q u i te  com plex owing to  th e  u n ­
c e r t a i n  knowledge o f  c ro s s  s e c t io n s ,  p a r t i c l e  f lu x e s ,  and 
p h y s ic a l  g e o m e tr ie s . Only v e ry  c ru d e  e s t im a te s  co u ld  be 
o b ta in e d . C a lc u la t io n s  o f  charged  p a r t i c l e  induced  e f f e c t s  
were n o t perfo rm ed  f o r  th e  p r e s e n t  d e te c to r .
An a d d i t io n a l  so u rce  o f background l in e s  i s  th e  
r a d io a c t iv e  decay o f  co n tam in an ts  i n t r i n s i c  to  th e  d e te c to r  
and su rro u n d in g  p h o to tu b e  m a te r ia l s .  In  th e  p re s e n t  d e te c ­
t o r  t h i s  e f f e c t  w i l l  p ro b ab ly  be th e  most s i g n i f i c a n t  con­
t r i b u t o r  to  background l i n e  r a d ia t io n  in  th e  c r y s t a l .  The
40 228n a tu r a l l y  o c c u rr in g  K and Th n u c l id e s  in  th e  p h o to tu b e  
m a te r ia l s  em it gamma ra y s  a t  e n e rg ie s  o f  1 .46  and 2 .6 2  MeV 
r e s p e c t iv e ly .  These l in e s  a re  alw ays o b se rv a b le  in  a  
spec trum  ta k en  w ith  th e  p re s e n t  d e t e c to r .  They a re  ex p ec ted  
to  r e p r e s e n t  a  s e v e r a l  p e rc e n t  e f f e c t  above th e  continuum  
a tm o sp h eric  background in  t h e i r  r e s p e c t iv e  pho topeak  re g io n s  
and may be o b se rv a b le  in  th e  gamma ra y  spectrum  a t  b a l lo o n  
a l t i t u d e s .  That t h i s  i s  th e  ca se  i s  seen  in  F ig u re  D -l from  
th e  m easured en e rg y  lo s s  spectrum  in  th e  p r e s e n t  d e te c to r  
from  f l i g h t  558P. The enhancem ent in  th e  en e rg y  i n t e r v a l
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from 1 .1  MeV - 1 .5  MeV i s  due to  th e  c o n t r ib u t io n  a t  1 .47 
40MeV from th e  K co n tam in an t p lu s  th e  leak ag e  spectrum  of 
60th e  Co c a l ib r a t i o n  so u rc e .
By com bining th e  r e s u l t s  o f  t h i s  s e c t io n  we see  t h a t  
n e u tro n  e f f e c t s  in  th e  p re s e n t c r y s t a l  shou ld  be & 5% o f th e  
t o t a l  n e u t r a l  c o u n tin g  r a t e  above 250 keV a t  a  geom agnetic 
l a t i t u d e  o f 40°N and a tm o sp h eric  d ep th  o f  3 .5  g/cm . Hence 
n e u tro n  e f f e c t s  shou ld  r e p re s e n t  no s e r io u s  l im i t a t i o n  to  
th e  p re s e n t p u ls a r  s e a rc h  a n a ly s i s .  They a f f e c t  t h i s  se a rc h  
on ly  in  t h a t  th e y  in c re a s e  th e  background co u n tin g  r a t e ,  
w hich makes i t  more d i f f i c u l t  to  observe sm all p u ls a r  
s i g n a l s .
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APPARENT PERIOD CHANGES FOR NP 0532 FOR BALLOON 
LOCATION ON JUNE 7 , 1970
1 . In tro d u c t io n
In  t h i s  append ix  th e  a p p a re n t p e r io d  changes o f  
p u ls a r  NP 0532 a re  d is c u s se d  and th e s e  changes a re  c a lc u la ­
te d  f o r  th e  day o f f l i g h t  558P (June 7 , 1970).
In  g e n e ra l ,  an  o b se rv e r p o s i t io n e d  somewhere on th e  
e a r th  w i l l  observe  a d i f f e r e n t  freq u en cy  o f  p u ls a t io n  fo r  a 
p u ls a r  th a n  an o b se rv e r  in  th e  r e s t  fram e o f  th e  p u l s a r .  I t  
h a s  become s ta n d a rd  p r a c t i c e  to  tra n s fo rm  th e  o b se rv ed  p e r io d  
n o t to  th e  r e s t  frame o f  th e  so u rc e , b u t to  th e  p e r io d  v a lu e  
a s  would be o b serv ed  a t  th e  s o la r  system  b a ry c e n te r .  We 
s h a l l  fo llo w  t h i s  p r a c t i c e  h e r e .
The d i f f e r e n c e  ta k e s  th e  form  o f  a D oppler s h i f t  in
ob se rv ed  freq u en cy  o f  em issio n  due to  th e  r e l a t i v e  m otion o f
th e  so u rce  and o b s e rv e r . S in ce  t h i s  r e l a t i v e  m otion o ccu rs  
a t  a  speed  much le s s  th a n  th e  speed o f  l i g h t ,  n o n - r e l a t i v i s t i c  
e q u a tio n s  a r e  v a l id  f o r  th e  c a lc u l a t i o n s .  In  a d d i t io n  to  t h i s  
D oppler c o r r e c t io n ,  p u ls a r s  them selves ap p e a r to  be c o n t in u ­
o u s ly  slow ing  down in  t h e i r  own r e s t  fram es . For NP 0532 
t h i s  slowdown r a t e  has been m easured by a  number o f  e x p e r i ­
m en te rs  ( s e e ,  f o r  exam ple, FISIJMKN e t  a l . ,  1969 and BOYNTON
e t  a l . , 1969) r e s u l t i n g  in  a  v a lu e  o f
d P /d t * +36.52 n se c /d a y
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Combining th e s e  e f f e c t s  y ie ld s  an  ephem erls o f p e r io d  v a lu e s  
f o r  any g iv en  d ay . S in ce  th e  p u ls a r  a n a ly s is  r e q u ir e s  a 
t r a c k in g  o f  th e  a p p a re n t p e r io d  a t  th e  d e te c to r  lo c a t io n ,  
knowledge o f  th e  ex p ec te d  a p p a re n t p e r io d  change d u rin g  th e  
f l i g h t  I s  q u i te  c r i t i c a l .
2 . The P e r io d  C a lc u la tio n s
The fo llo w in g  d e f in i t io n s  a re  made fo r  c l a r i t y  in  
u n d e rs ta n d in g  th e  c a lc u la t io n s :
i .  B a ry c e n tr ic  P e r io d  = p e r io d  m easured by an
o b se rv e r  a t  th e  c e n te r  o f  g r a v i ty  o f  th e  s o la r  
system  (P g ) •
i i .  H e l io c e n t r ic  P e rio d  * p e r io d  as m easured in  
th e  S u n -cen te red  c o o rd in a te  system  (Pq) .
i l l .  G eo c en tr ic  P e r io d  ~ p e r io d  as m easured in  th e  
E a r th -c e n te re d  c o o rd in a te  system  (P^,).(j
i v .  A pparen t P u ls a r  P e r io d  = p e r io d  as m easured a t  
th e  b a llo o n  pay load  (P ^ ) .
G iven a b a r y c e n tr ic  p e r io d  v a lu e  a t  a g iv e n  epoch 
d u rin g  th e  f l i g h t ,  th e  problem  i s  to  c a lc u l a te  th e  change in  
a p p a re n t p e r io d  v a lu e  a t  th e  b a llo o n  lo c a t io n  d u rin g  th e  
f l i g h t .  The t o t a l  p e r io d  tra n s fo rm a tio n  from  b a r y c e n tr ic  to  
a p p a re n t p e r io d  was c a r r i e d  o u t in  fo u r  s te p s .  The c o r r e c ­
t io n s  o b ta in e d  f o r  each s te p  a r e  added to  g iv e  th e  t o t a l  
t r a n s fo rm a tio n .  The fo u r  b a s ic  s te p s  a r e :
S tep  1: C onversion  o f  b a ry c e n tr ic  p e r io d  to  h e l i o ­
c e n t r i c  p e r io d .
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S tep  2 : C o rre c tio n  o f  b a ry c e n tr ic  p e r io d  f o r  t r u e
p u ls a r  slowdown.
S tep  3 : C onversion  o f  h e l io c e n t r i c  p e r io d  to  geo ­
c e n t r i c  p e r io d .
S tep  4 : C onversion  o f  g e o c e n tr ic  p e r io d  to  a p p a re n t
p e r io d .
3 . B a ry c e n tr ic  to  H e l io c e n t r ic  C o rre c tio n
The b a ry c e n tr ic  to  h e l io c e n t r i c  c o r r e c t io n  te rm  was 
de te rm in ed  to  be n e g l ig ib le  f o r  th e  p re s e n t  a n a ly s is  a s  i s  
seen  from  th e  fo llo w in g  arg u m en ts. An id e a  o f  th e  m agnitude 
o f  t h i s  c o r r e c t io n  i s  o b ta in e d  from an a p p l ic a t io n  o f th e  
D oppler s h i f t  e q u a tio n s  to  th e  r e l a t i v e  m otion o f  th e  Sun 
and th e  s o la r  system  b a ry c e n te r .  The n o n - r e l a t i v i s t i c  f i r s t  
o rd e r  D oppler s h i f t  e q u a tio n  to  be u sed  f o r  t h i s  c o r r e c t io n  
(and a l l  D oppler c o r r e c t io n s )  i s  g iv en  by
f  = £o ( l  -  2 ) , E - l
where
f  * freq u en cy  o f  em iss io n  in  r e s t  fram e o f s o u rc e ,
f  = observed  freq u en cy  in  fram e o f  moving o b se rv e r ,
v  = r e l a t i v e  speed  betw een so u rce  and o b se rv e r
( p ro je c t io n  o f o b s e rv e r ’ s v e lo c i ty  a lo n g  th e  
l i n e  jo in in g  th e  so u rce  to  o b s e rv e r ) .
S ince f  = where P = p e r io d , we o b ta in
i  = (1 /P 0 ) ( 1  -  V/C)
o r
AP = P -  P = -  P *  ~  P . E-2O C C O
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The l a s t  ap p ro x im a tio n  I s  v a l id  h e re  b ec a u se , a s  th e  
r e s u l t s  o f  th e  c a lc u la t io n s  w i l l  show, th e  d i f f e r e n c e  between 
P and Pq i s  o f  th e  o rd e r  of 1 p a r t  in  10^ (AP/PQ M 1 /1 0 ^ ) .
The e r r o r  r e s u l t in g  from  t h i s  ap p ro x im a tio n  th u s  g iv e s  a 
co m p le te ly  n e g l ig ib le  e r r o r  in  any o f th e  c o r r e c t io n  c a lc u ­
l a t i o n s  to  fo llo w  ( e r r o r  alw ays < 1 n s e c ) .
To o b ta in  th e  b a ry c e n tr ic  to  h e l io c e n t r i c  c o r r e c t io n  
we r e q u ir e  th e  p r o je c t io n  o f  th e  Sun*s o r b i t a l  v e lo c i ty  abou t 
th e  b a ry c e n te r  in  th e  d i r e c t io n  o f  th e  Crab N ebula , as  
m easured in  th e  b a ry c e n tr ic  c o o rd in a te  sy stem . T h is i s  
p ic tu r e d  in  F ig u re  E - l ,  where V cn  i s  th e  q u a n t i ty  o f i n t e r -  
e s t .  The d e te rm in a tio n  o f  th e  p o s i t io n  o f th e  b a ry c e n te r  
w ith  r e s p e c t  to  th e  Sun i s  a  q u i te  complex problem  due to  
th e  f a c t  t h a t  th e  p la n e ta ry  o r b i t s  a r e  e l l i p t i c a l ,  do n o t 
a l l  l i e  in  a s in g le  p la n e  and have w id e ly  v a ry in g  o r b i t a l  
p e r io d s .  To s im p lify  t h i s  app rox im ate  c a l c u l a t i o n ,  we make 
th e  fo llo w in g  a ssu m p tio n s .
1. Assume t h a t ,  to  f i r s t  o rd e r ,  on ly  J u p i t e r  and 
th e  Sun a re  r e q u ir e d  in  th e  c a lc u la t io n  o f th e  b a ry c e n te r  
p o s i t io n .
2. Assume t h a t  J u p i t e r ,  th e  Sun, and th e  Crab 
N ebula a l l  move in  th e  same p la n e .
3. Assume t h a t  J u p i t e r 's  o r b i t  i s  c i r c u l a r  (e c c e n ­
t r i c i t y  o f  J u p i t e r 's  o r b i t  * 0) .
These assum ptions im ply th a t  th e  Sun moves in  a 
c i r c u l a r  o r b i t  ab o u t th e  b a ry c e n te r  w ith  av e ra g e  o r b i t a l
r a d iu s , Rgfl (d is ta n c e  o f  b a ry c e n te r  from  th e  S u n ), and w ith  
an o r b i t a l  p e r io d  ~  TJUPITER* U sinS m asses o f  th e  Sun 
and J u p i t e r  a s  ta b u la te d  in  SMART (1965), we o b ta in
Rgg "  7 .4 3  x 10"* km
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F ig u re  E-X. S ketch  o f c o o rd in a te s  f o r  b a ry c e n tr ic  to  h e l io -  „ 
c e n t r i c  p e r io d  t r a n s fo rm a tio n . The s o la r  system  
b a ry c e n te r  i s  c a lc u la te d  by assum ing th a t  th e  
Sun and J u p i t e r  a re  th e  o n ly  c o n t r ib u to r s  to  i t s  
p o s i t io n .  Under t h i s  ap p ro x im a tio n , Vgg i s  th e
c o n s ta n t  o r b i t a l  speed  o f th e  Sun in  i t s  c i r c u l a r  
o r b i t  abou t th e  b a ry c e n te r .
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Under th e s e  ap p ro x im a tio n s , th e  p o s i t io n  o f  th e  b a ry c e n te r
I s  s l i g h t l y  more th a n  one S o la r  r a d iu s  from th e  S u n 's  c e n te r
( s in c e  R ~  6 .96  x 10"* km). Under th e  t h i r d  assum ption  we
8f in d  th a t  T__ *  11.86 t r o p i c a l  y e a rs  = 3 .74  x 10 s e c .
b B
S in ce  VgB = 2* Rg g /TsB ^or a  c l rc u l a r  o r h i t  we g e t Vgfi 
^  1 .25  x 10"^ km /sec . The l a r g e s t  c o r r e c t io n  o ccu rs  when 
th e  Sun i s  moving d i r e c t l y  away from o r tow ard th e  p o s i t io n  
o f th e  Crab N ebula. At th e s e  tim es th e  v e lo c i ty  p r o je c t io n  
i s  e q u a l to  + Vg g . Hence, th e  maximum b a ry c e n tr ic  to  
h e l io c e n t r i c  p e r io d  c o r r e c t io n  becomes
. _ / v VSB? B
HB^max) ^ e
U sing P = 3 3 .1  ms we o b ta in  A P „ * 1 .4  n s ,  w ith  much s m a lle r
O H i)
changes in  o ver th e  co u rse  o f one day . T h is o rd e r  o f
m agnitude c o r r e c t io n  i s  in c lu d e d  in  th e  + 5 ns e r r o r  to  be 
a s s ig n e d  to  th e  f i n a l  r e s u l t s  below and i s  th e r e f o r e  n e g le c ­
t e d .  The h e l io c e n t r i c  p e r io d , V9  , i s  th u s  c o n s id e re d  to  
have th e  same v a lu e  a s  th e  b a r y c e n tr ic  p e r io d  fo r  th e  
p re s e n t  a n a ly s i s .
The a p p a re n t p e r io d  a s  a  fu n c tio n  o f  u n iv e r s a l  tim e 
can  be ex p re sse d  in  term s o f  th e  rem ain in g  th r e e  c o r r e c t io n s  
a s  fo llo w s
PA( t )  = AP1 ( t )  + AP2 ( t )  + AP3 ( t )  + PQ , E-3
w here
A P ^(t) = c o r r e c t io n  from  h e l io c e n t r i c  t o  g e o c e n tr ic  
p e r io d ,
AP2 ( t )  = c o r r e c t io n  from  g e o c e n tr ic  to  a p p a re n t 
p e r io d ,
and AP3 ( t )  = t r u e  p u ls a r  slowdown c o r r e c t io n  in  b a r y c e n tr ic
(o r  h e l io c e n t r i c )  sy stem .
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4 .  I n t r i n s i c  P u ls a r  Slowdown R e fe rre d  to  B a ry cen te r
The e x p re s s io n  PQ( t )  - pe  + A P^(t) r e p r e s e n ts  th e  
t r u e  h e l io c e n t r i c  p u ls a r  p e r io d  as a fu n c t io n  o f  t im e . As 
m entioned e a r l i e r  th e  te rm  A P^(t) has th e  m easured av e rag e  
v a lu e  36.32 n s /d a y .  H ence, A P^(t) has th e  form
A Pg(t) = (1 .5 2 )  ( t > t Q) n an oseconds, E -4
w here t  i s  m easured in  h r s  and t Q i s  an a r b i t r a r i l y  chosen
re fe re n c e  tim e  ( in  h r s )  f o r  ze ro  p u ls a r  slowdown c o r r e c t io n .
t Q i s  th e  epoch a t  w hich th e  h e l io c e n t r i c  p e r io d , P g ( to) ,  i s
assumed to  be known, and was chosen  to  be t  = 15*1 50m 30so
UT on June 7 , 1970.
The rem ain ing  c o r r e c t io n  te rm s a r e  t r e a t e d  s e p a r a te ly  
and can  be e x p re sse d  as  fo llo w s , u s in g  th e  n o n - r e l a t i v i s t i c
f i r s t  o rd e r  D oppler s h i f t  e q u a tio n  E -2 :
V ( t ) l  2
= —6 V  E’5
I t  o n ly  rem ains to  c a l c u l a t e  th e  v e lo c i ty  f o r  each  c o r r e c ­
t io n  te rm .
5 . H e l io c e n t r ic  to  G e o c e n tr ic  C o rre c tio n
To c a lc u l a t e  th e  c o r r e c t io n  from th e  S u n -cen te re d  
c o o rd in a te  system  to  E a r th -c e n te re d  system , we need to  know 
th e  p r o je c t io n  o f th e  E a r th 1 s v e l o c i t y ,  V ^ t ) ,  a lo n g  th e  
l i n e  jo in in g  th e  E a r th  to  th e  p o s i t io n  o f  NP-0532. For con­
v e n ie n c e , th e  p a ra m e te rs  needed in  t h i s  c a lc u l a t i o n  a re  
ex p re sse d  in  g e o c e n tr ic  c o o r d in a te s .  T h is  e x a c t p rob lem  has 
been so lv ed  in  SMART (pp . 2 1 4 -2 1 5 ), and u s in g  h is  r e s u l t s
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(and ad o p tin g  h i s  n o ta t io n )  we o b ta in  f o r  t h i s  v e lo c i ty  
p r o je c t io n
V^t) = 2^ a 2°f^2 {sin t0(t )"x3“e sin ( E-6
where
a = sem i-m ajor a x is  o f  E a r th 's  o r b i t  abou t th e  Sun, 
T = p e r io d  o f  E a r th 's  o r b i t  abou t th e  Sun, 
e = e c c e n t r i c i t y  o f  E a r th 's  o r b i t ,
0 = l a t i t u d e  o f  NP 0532 as m easured in  g e o c e n tr ic  
c o o rd in a te  sy stem ,
A = lo n g itu d e  o f NP 0532 as m easured in  g e o c e n tr ic  
c o o rd in a te  sy stem , 
u5 = lo n g itu d e  o f  th e  E a r th 's  p e r ih e l io n  on th e  
e c l i p t i c  p la n e  as m easured in  th e  g e o c e n tr ic  
c o o rd in a te  sy stem , and 
© (t)  = g e o c e n tr ic  t r u e  S o la r  lo n g i tu d e .
The r e la t io n s h ip  o f th e  v a r io u s  a n g le s  and d is ta n c e s  u sed  in  
t h i s  c a lc u la t io n  i s  shown in  F ig u re s  E-2 and E -3 .
The commonly g iv e n  c o o rd in a te s  o f  c e l e s t i a l  b o d ies 
a r e  th e  r i g h t  a sc e n s io n  (RA) and d e c l in a t io n  (*) as m easured
on th e  s ta n d a rd  c e l e s t i a l  sp h e re  ( c e l e s t i a l  eq u a to r  p a r a l l e l
to  th e  E a r th 's  e q u a to r)  (SMART, p . 3 7 ) . G iven th e  RA and 
o f  th e  so u rce  p o s i t i o n ,  we can  c a lc u l a te  th e  e q u iv a le n t 
c e l e s t i a l  l a t i t u d e  and lo n g itu d e  (u s in g  th e  e c l i p t i c  p la n e  
a s  a  g r e a t  c i r c l e )  p and A r e s p e c t iv e ly ,  from  th e  form ulae 
(SMART, p .  40)
c o s (p )  cos (A) = coS(«) Cos (RA) E-7
co g (p ) s in  (A) » s in ( f i)  s i n ( €) + C O * ( « )  COS (c )  COS (RA)
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F ig u re  E -2 . S ketch  o f  c o o rd in a te s  and a n g le s  f o r  h e l io c e n t r i c  to  g e o c e n tr ic  
p e r io d  tra n s fo rm a tio n ;  The draw ing ro u g h ly  d e p ic ts  th e  















F ig u re  E -3 . S k e tc h  o f  p o s i t io n  o f Crab N ebula a s  ex p re sse d  
in  two E a r th - c e n te r e d  c o o rd in a te  sy s te m s . One u se s  th e  
e q u a to r  a s  th e  fu n d am en ta l g r e a t  c i r c l e  w ith  X and $ b e in g  
th e  lo n g itu d e  and  l a t i t u d e  o f  th e  s t a r ' s  p o s i t io n .  The 
second  h as  th e  e c l i p t i c  a s  th e  fundam ental g r e a t  c i r c l e  w ith  
th e  r i g h t  a s c e n s io n  (RA) and  d e c l in a t io n  (*',) b e in g  th e  
a n g u la r  c o o r d in a te s .  B oth  system s u se  th e  v e r n a l  equ inox  
a s  p r i n c i p a l  r e f e r e n c e  p o i n t .
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Combining e q u a tio n s  E-5 and E-6 g iv e s  f o r  th e  h e l io c e n t r i c  
to  g e o c e n tr ic  c o r r e c t io n  te rm
M \ ( t )  = 2 " a  - ° s f ■!?  P .  { s i n [ 0 ( t ) - ^ ] - e  s in (  8 -* )} . E -8
1 c T ( l - e  ) 0
* and p a r e  e v a lu a te d  from  e q u a tio n s  E -7 . In  t h i s  form ula 
th e  minus s ig n  was chosen to  g iv e  A P^(t) < 0  f o r  V ^ ( t ) > 0  as 
r e q u ire d  f o r  th e  p e r io d  change due to  a  D oppler s h i f t .
6 . G eo cen tric  to  A pparent C o rre c tio n
The c o r r e c t io n  f o r  g e o c e n tr ic  to  a p p a re n t p e r io d  
c o n ta in s  th e  D oppler s h i f t  due to  th e  d iu r n a l  m otion  o f  th e  
E a r th  abou t i t s  s p in  a x i s .  The q u a n t i ty  needed f o r  u se  in
e q u a tio n  E-5 i s  V _ ( t ) ,  th e  component o f  v e lo c i ty  o f  an ob-
s e rv e r  a t  a  p o in t  on th e  E a r th 's  s u r fa c e  in  th e  d i r e c t io n  o f  
NP 0532. A d iagram  o f th e  p e r t in e n t  c o o rd in a te s  i s  shown in  
F ig u re  E -4 .
Once a g a in  SMART (pp . 216-217) has c o n s id e re d  t h i s  
problem  in  d e t a i l ,  and th e  r e s u l t i n g  v e lo c i ty  com ponent, 
V2 ( t ) ,  i s  found to  be 
2" (R + h )
v 2 ( t )  =  Y   cos(4>) <S0S(tf) s in  [H (t>] ,  E-9
e
where Rfi = mean e q u a to r ia l  r a d iu s  o f  th e  E a r th ,
h  = f l o a t  a l t i t u d e  o f th e  b a llo o n  above th e  E a r th 's
s u r f a c e ,
Tfi = r o t a t i o n a l  p e r io d  o f th e  E a r th ,
= l a t i t u d e  o f th e  b a l lo o n ,
6 = d e c l in a t io n  o f NP 0532, and
H (t)  = lo c a l  hour a n g le  o f  NP 0532 (m easured w ith  r e ­
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F ig u re  E -4 . S ketch  o f  c o o rd in a te s  re q u ire d  In  g e o c e n tr ic  
to  a p p a re n t p e r io d  c o r r e c t io n ,  (jt I s  th e  lo n g itu d e  o f  th e  
o b s e r v e r 's  lo c a t io n  and H (t)  I s  th e  lo c a l  hour an g le  between 
th e  Crab and th e  o b s e rv e r . V2 ( t )  i s  th e  p r o je c t io n  o f  th e
o b s e rv e r 's  v e lo c i ty  in  th e  d i r e c t io n  o f  th e  C rab .
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U sing  e q u a tio n  E-5 we o b ta in  
2ir (R +h)PQ
APaCO = — s  coa<a) s in  [ H ( t) ] .  B -io
e
(The rep lacem en t o f  R by (R +h) in  SMART's e q u a tio n  (51)c c
(p .  217) ac c o u n ts  f o r  th e  f a c t  th a t  th e  o b se rv e r  i s  a  d i s ­
ta n c e  h above th e  E a r th 's  s u r f a c e .  H is e q u a tio n  (51) i s  
v a l i d  fo r  an  o b se rv e r  on th e  s u r fa c e  o f  th e  E a r th ) .
T his e q u a tio n  assumes th a t  th e  o b se rv e r  i s  f ix e d  a t  
th e  same l a t i t u d e ,  lo n g i tu d e , and a l t i t u d e  d u r in g  th e  f l i g h t .  
The l a t i t u d e ,  lo n g i tu d e ,  and a l t i t u d e  f o r  th e  p r e s e n t  c a lc u ­
l a t i o n s  were a r b i t r a r i l y  chosen  to  be th o se  v a lu e s  f o r  th e  
balloon lo c a t io n  a t  15*1 50m 00s UT. The b a llo o n  l a t i t u d e  
v a r ie d  from 31.0°N to  31.5°N d u rin g  f l o a t ,  w hich r e p re s e n ts  
a 0.5% c o r r e c t io n  in  e q u a tio n  E -10 . The f l o a t  a l t i t u d e  
f lu c tu a te d  from  38.45 Km to  37 .40  km w hich r e p r e s e n ts  a « 0 .1 %  
p e r tu r b a t io n  t o  th e  r e s u l t s .  Both th e s e  p e r tu r b a t io n s  a re  
co m p le te ly  n e g l ig ib l e .  The l a r g e s t  e r r o r  in  t h i s  assum ption  
r e s u l t s  from th e  b a llo o n  d r i f t  in  lo n g itu d e  th ro u g h o u t th e  
f l i g h t .  D uring  th e  4 .5  h r  i n t e r v a l  a t  f l o a t  f o r  f l i g h t  558Pf 
th e  b a llo o n  lo n g itu d e  changed from  96.3°W to  1 0 0 .5°W lo n g i­
tu d e . This w e s te r ly  d r i f t  in  lo n g itu d e  a c ro s s  th e  E a r th  
h as  th e  e f f e c t  o f  red u c in g  th e  t a n g e n t i a l  v e lo c i ty  a t  th e  
p o s i t io n  s p e c i f ie d .
In  e q u a tio n  E -9 , V £ (t)  i s  th e  t a n g e n t i a l  v e lo c i ty  
d i r e c te d  e a s tw ard  a t  th e  l a t i t u d e ,  $ , and a l t i t u d e ,  h ,  assum­
ing  t h a t  th e re  was no b a llo o n  d r i f t  in  lo n g i tu d e . The w e s t­
e r ly  b a l lo o n  d r i f t  h as  th e  e f f e c t  o f  red u c in g  t h i s  t a n g e n t i a l  
v e lo c i ty  by an amount e q u a l to  th e  lo n g i tu d in a l  b a l lo o n  d r i f t  
sp eed , assum ing th a t  th e  a l t i t u d e  i s  ap p ro x im a te ly  c o n s ta n t .  
In c lu d in g  t h i s  e f f e c t ,  th e  c o r r e c te d  V2 ( t )  would be
200
f  2it (R + h )
V2 ( t )  = 1  f  "
and th e  p e r io d  c o r r e c t io n  in c lu d in g  th e  lo n g i tu d in a l  b a llo o n  
m otion becomes
f 2* (R +h) }  P
AP2 ( t )  = 1 ------------ VDR> “  <*&•(*) s in  [H ( t) ] .
 ^ e '  E - l l
U sing th e  p o s t - f l i g h t  b a llo o n  p o s i t io n  d a ta  s u p p lie d  by NCAR, 
th e  av e rag e  lo n g i tu d in a l  b a llo o n  d r i f t  speed was c a lc u la te d  
to  be VDR = 2 .47  x 10”2 km /sec.
The t o t a l  p e r io d  c o r r e c t io n  i s  o b ta in e d  by com bining 
e q u a tio n s  E -4 , E -8 , and E - l l  in  e q u a tio n  E -3 . A com puter 
program  was developed  to  perfo rm  th e se  c a lc u l a t i o n s .  A l i s t ­
in g  o f t h i s  program  i s  g iv en  a t  th e  end o f  t h i s  ap p en d ix .
The c o o rd in a te s  o f  th e  lo c a t io n  o f  p u ls a r  NP 0532 were tak en  
to  be th o se  o f th e  so u th -p re c e d in g  c e n t r a l  s t a r  o f  th e  Crab 
N ebula as  g iv en  by MINKOWSKI (1 9 6 8 ). F or th e  day o f  th e  
f l i g h t ,  th e  v a lu e  o f  th e  t r u e  S o la r  lo n g itu d e  a t  OO*1 00m 00s 
UT was o b ta in e d  from  A stro n o m ica l P a p e r s . V ol. XIV, p . 625.
A ll  f u r th e r  v a lu e s  o f  0 ( t )  were g e n e ra te d  in  th e  program .
The r e s u l t s  o f  th e s e  c a lc u la t io n s  fo r  a tim e in t e r v a l  
b ra c k e tin g  th e  f l o a t  p o r t io n  o f th e  f l i g h t  a re  shown in  
F ig u re  E -5 . The c a lc u la t io n s  were made in  tim e in c rem en ts  
o f  10 m in u te s . As F ig u re  E-5 show s, th e  h e l io c e n t r i c  to  
g e o c e n tr ic  p e r io d  c o r r e c t io n  over t h i s  tim e p e r io d  i s  w e ll 
approx im ated  by a s t r a i g h t  l i n e  w ith  a  s lo p e  o f  d P /d t —
-2 .3 4  n s e c /h r .  The t o t a l  c o r r e c t io n  shown in  F ig u re  A-5 
shows a s in u s o id a l  dom ination  o f th e  t o t a l  c o r r e c t io n  v s .  
tim e c u rv e .
To o b ta in  th e  a b s o lu te  a p p a re n t p e r io d  v a lu e  f o r  th e  
day o f  th e  f l i g h t ,  we need  to  know th e  b a r y c e n tr ic  p e r io d ,  p ^ , 
f o r  a g iv en  epoch . T h is v a lu e  was o b ta in e d  as fo l lo w s . As
vdr]
*  4 2 0  
2  4 0 0  
® 3 8 0
Linear
Approximation
Jl > J L _L J  1 L
1 4 0 0  1 6 0 0  1 8 0 0  2 0 0 0  2 2 0 0  
UT.
F ig u re  E -5 . P e r io d  c o r r e c t io n s  fior NP 0532 on June 7 , 1970. 
The h e l io c e n t r i c  t o  g e o c e n tr ic ,  g e o c e n tr ic  to  a p p a re n t ,  and 
t r u e  p u ls a r  slowdown c o r r e c t io n s  a re  g iv e n  by C0RR.1 , C0RR 2 , 
and C0RR 3 r e s p e c t iv e ly .  D e lta  P i s  th e  t o t a l  c o r r e c t io n  
(C0RR 1 + CORR 2 + C0RR 3) to  be a p p l ie d  to  th e  b a ry c e n tr ic  
p e r io d  to  o b ta in  th e  ap p a re n t p e r io d .  The s o l i d  l in e  i s  th e  
b e s t  l e a s t  sq u are  l in e a r  f i t  t o  th e  d a ta  from  1430 UT to  
1910 UT.
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an in d ep en d en t check o f our c a lc u l a t i o n s ,  a p p a re n t p e r io d  
and a b s o lu te  main p u lse  a r r i v a l  tim e in fo rm a tio n  fo r  th e  
o p t ic a l  em issio n  o f  NP 0532 w ere p ro v id ed  f o r  u s  by D r. C. 
P a p a l io l io s  a t  H arvard U n iv e r s i ty  f o r  th e  epoch o f  th e  
f l i g h t .  These c a lc u la t io n s  w ere made f o r  th e  b a llo o n  lo c a ­
t i o n  a t  a r e fe re n c e  tim e o f  15*1 50m 30s UT. T h is  d a ta  i n ­
c lu d ed  th e  a p p a re n t p e r io d  v a lu e  a t  one m inute inc rem en ts 
from  15h 00m 00s UT to  16h 00m 00s , and th e  c l o s e s t  o p t ic a l
Vi m qmain p u lse  a r r i v a l  tim e to  15 50 30 UT. The H arvard r e ­
s u l t s  in d ic a te d  t h a t  a main o p t ic a l  p u ls e  o c c u rred  a t  
15*1 50m (29.9956 + 0 .0003) sec  UT. To o b ta in  th e  b a ry c e n tr ic  
p e r io d  a t  th e  r e fe re n c e  tim e o f 15*1 50m 30s , I  n o rm alized  my 
r e s u l t s  to  th e  H arvard p e r io d  v a lu e  a t  15*1 ^9m 00s UT. T h is 
n o rm a liz a tio n  y ie ld e d  a  h e l io c e n t r i c  ( b a ry c e n tr ic )  p e r io d
* 33.111920 nsec0
a t  15*1 50m 00s UT. S ince th e  p e r io d  r a t e  o f change i s  « 1  
n sec /m in  we can  u se  t h i s  v a lu e  a s  th e  b a r y c e n t r ic  p e r io d  a t  
th e  epoch 15*1 50m 30s . Combining t h i s  v a lu e  o f  P^ w ith  th e  
t o t a l  c o r r e c t io n  te rm  A P(t) g iv e s  th e  f i n a l  r e s u l t  f o r  th e  
a p p a re n t p u ls a r  p e r io d  v s .  tim e .
D ata a n a ly s is  r e q u i r e s  th a t  we t r a c k  t h i s  a p p a re n t 
p e r io d  d u rin g  th e  o b s e rv a tio n  tim e . In  th e  p re s e n t  a n a ly s i s ,  
d a ta  from 14h 32m 01s UT to  19h l l m 00s UT was an a ly ze d .
Note th a t  from  F ig u re  E->5’ a  l i n e a r  ap p ro x im a tio n  to  th e  
p e r io d  change g iv e s  a  f a i r l y  good f i t  to  th e  t o t a l  c o r r e c t io n  
c u rv e . We can w r i te  t h i s  l i n e a r  f i t  a s
PA<t > "  PaV  +
w here t  * 15*1 50m 30s UT. T hus, tim es e a r l i e r  th an  t  a re  o o
co n s id e re d  a s  n e g a tiv e  in  t h i s  f i t .  A l e a s t  sq u a re s  l i n e a r  
f i t  t o  P . ( t )  v s .  t  o v er th e  above tim e i n t e r v a l  g iv e s
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PA( t  ) = 33.112308 + 0.000001 ms,A o —
and
M = (2 .25  + 0 .0 5 ) x 10 9 m s/sec . 
a s  th e  b e s t  f i t  p a ra m e te rs . These v a lu e s  w ere then  used  as  
th e  optimum p a ram e te rs  In  th e  f i n a l  phase a lig n m en t com puter 
program . Note t h a t  th e  above e r r o r s  a r e  o b ta in e d  o n ly  from 
th e  l e a s t  sq u a re s  f i t t i n g  p ro c e d u re . The t o t a l  e r r o r  In  th e  
d e te rm in a tio n  o f  th e  ex p ec ted  p u ls a r  p e r io d  must In c lu d e  
th ^  e r r o r s  In v o lv ed  In  c a lc u la t in g  each  c o r r e c t io n  te rm . I t  
i s  n o t u n rea so n ab le  to  assume th a t  we can c a lc u la te  each 
te rm  to  an  ac cu rac y  o f  1%. I f  t h i s  i s  t r u e ,  th e  e r r o r  fo r  
each  c o r r e c t io n  becomes
o(AP^) = + 0 .015 ns,<*(AP2 ) = + 4 ns,0(A Pg) = + 0 .2  n s .
These combine to  g iv e  a  most p ro b ab le  t o t a l  c o r r e c t io n  e r r o r  
o f  a t o t  = 4 n s .  Combining t h i s  e r r o r  w ith  th e  f i t t i n g  e r r o r  
ex p re sse d  above , we a r r iv e  a t  an  u n c e r ta in ty  o f  + 5 ns fo r  
th e  c a lc u la t io n  of th e  a p p a re n t p e r io d  v a lu e  f o r  NP 0532.
T h is  e r r o r  a p p l ie s  to  th e  p e r io d  v a lu e  a t  any p o in t d u rin g  
th e  f l i g h t .
A f i n a l  comment co n cern s  th e  r e fe re n c e  tim e chosen 
in  th e  a n a ly s i s .  The knowledge o f th e  a b s o lu te  s t a r t i n g  tim e 
o f  th e  s u p e rp o s i t io n  a n a ly s i s  i s  im p o rta n t f o r  o b ta in in g  ab ­
s o lu te  a r r i v a l  tim e in fo rm a tio n  from th e  d a ta .  In  add ing  th e  
d a ta  to g e th e r ,  one tim e had to  be a r b i t r a r i l y  chosen a s  th e
z e ro  phase tim e to  w hich a l l  p h a se -a lig n e d  d a ta  i s  r e f e r r e d ,  
h  m sThe epoch 15 50 30 was chosen  above a s  th e  r e fe re n c e  tim e
f o r  z e ro  p e r io d  slowdown c o r r e c t io n s .  The n in th  m u l t i s c a le r  
ru n  was s t a r t e d  3 ms b e fo re  t h i s  t im e , and a l l  f i n a l  phase 
p lo t s  a re  r e f e r r e d  to  th e  s t a r t  o f t h i s  ru n , a t  th e  epoch 
15h 50m (29.9970 + 0 .0 0 0 2 )8 on June 7 , 1970, a s  th e  z e ro
204
phase tim e . C o n seq u en tly , when a  p e r io d  v a lu e  i s  m entioned 
in  th e  t e x t ,  i t  r e f e r s  to  th e  v a lu e  a t  t h i s  epoch . To o b ta in  
th e  p e r io d  a t  some o th e r  tim e d u rin g  th e  d a ta  i n t e r v a l ,  th e  
l i n e a r  ap p ro x im atio n  developed  above i s  u se d .
7 . Computer Program  f o r  P e r io d  C o rre c tio n  
C a lc u la t io n s  ("PERIOD”)
The "PERIOD" program  was w r i t t e n  to  make th e  p e r io d  
c o r r e c t io n  c a lc u la t io n s  d e s c r ib e d  in  t h i s  ap p en d ix . The 
program  l i s t i n g  w hich fo llo w s i s  r a th e r  s e l f - e x p la n a to r y .
The in p u t in fo rm a tio n  u sed  f o r  th e  p re s e n t  c o r r e c t io n  c a lc u ­
la t io n s  i s  a l s o  in c lu d ed  in  th e  program . The program  was 
w r i t t e n  in  th e  FORTRAN language f o r  o p e ra tio n  on th e  D a r t­
mouth Time Share System . By s u i t a b ly  changing th e  in p u t 
in fo rm a tio n , th e  a p p a re n t p e r io d  o f  any p u ls a r  a t  any ob­
s e rv e r  lo c a t io n  on th e  e a r th  can be o b ta in ed  f o r  any g iv en  
d ay . The program  g e n e ra te s  a d a i ly  ephem eris o f  th e  
ap p a re n t p u ls a r  p e r io d .
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PERIOD 01 SEP 71 16:01
5C THIS PROGRAM PERFORMS A CALCULATION OF PULSAR PERIOD
CHANGES
IOC OVER A TIME PERIOD SELECTED BY THE OPERATOR (MUST BE
15C LESS THAN 24 H RS.). INCLUDED ARE CORRECTIONS DUE TO (A)
20C CONVERSION OF HELIOCENTRIC TO GEOCENTRIC PERIOD, (B)
25C CONVERSION OF GEOCENTRIC TO APPARENT PERIOD, AND (C)
30 TRUE PULSAR SLOWDOWN.
35C INPUTS ARE (IN THE ORDER REQUESTED IN THE PROGRAM):
40
45C RA * RIGHT ASCENSION OF SOURCE (RAD.)
50C DECL « DECLINATION OF SOURCE (RAD.)
55C PO = HELIOCENTRIC PERIOD AT T-0
60C OMEGA * LONGITUDE OF EARTH PERIHELION ON ECLIPTIC (RAD.) 
65C ECL > ANGLE BETWEEN EARTH SPIN AXIS AND ECLIPTIC (RAD.)
70C GSOLON « GEOCENTRIC SOLAR LONGITUDE AT 0 HR. UT FOR DAY
75C OF CALCULATION (RAD.)
80C E .  EARTH'S ORBITAL ECCENTRICITY
85C A = SEMI-MAJOR AXIS OF EARTH'S ORBIT (KM.)
90C RADE a  EARTH'S EQUATORIAL RADIUS (KM)
95C EPER a  PERIOD OF EARTH'S ORBIT (SEC.)
100C T = PERIOD OF EARTH'S ROTATION (SEC.)
105C ALAT a  LATITUDE OF DETECTOR (RAD.)
107C H * ALTITUDE OF DETECTOR (KM)
108C VDR = BALLOON DRIFT SPEED (EAST * + , WEST -  - )  (KM/SEC)
HOC RAMS = RIGHT ASCENSION OF MEAN SUN FOR DAY OF FLIGHT (RAD.) 
115C XLPAL = LONGITUDE OF THE DETECTOR (RAD.)
12OC PRATE = SLOWDOWN RATE OF PULSAR (MS./HR.)
125C C = SPEED OF LIGHT (KM./SEC.)
130C L,M = START AND STOP TIMES FOR CALCULATIONS (IN MULTIPLES 
135C OF XX MINUTES)
140C XX = TIME INCREMENT FOR PERIOD CALC. (MIN.)
145C TSUBO = REFERENCE TIME FOR ZERO SLOWDOWN CORRECTION 
150
155 DOUBLE PRECISION PO, PERIOD
160 RA = 1.44644
170 DECL = 0.383681
180 PO = 331119.230000D-04
190 OMEGA = 1.78464
200 ECL = 0.409279
210 GSOLON « 1.32325
220 E = 0.016726
230 A = 1.49674E+08
240 RADE a  6378.417
242 H a 38 .4
244 VDR = 0 .0247
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250 EPER = 3 . 15581E+07 
260 T = 86164.0 
270 ALAT = 0.545939 
280 RAMS = 1.30463 
290 XLPAL = 1.67115 
300 PRATE = 1.5217E-06 
310 C = 299800.0 
320 L = 78 
330 M = 132 
340 XX = 10.
350 TSUBO = 15.84167
352 WRITE (" " ,2 0 )  PO
353 2OFORMAT( IX,30HBARYCENTRIC PERIOD AT TSUBO = ,F 1 4 .1 0 ,
IX 5HMSEC )
400 VORB = (2 !*3.14159*A)/(EPER*SQRT(1.-E**2))
410 TANL = (SIN(DECL)*SIN(ECL) + COS(DECL)*COS(ECL)*SIN(RA))/  
420& (COS(DECL)*COS(RA))
430 ALAMB = ATAN (TANL)
450 COSB = COS,(DECL)*COS(RA)/COS (ALAMB)
470 TERMO = VOKB*COS*PO/C 
480 WRITE (" " ,6 0 ) TERMO
482 60 FORMAT(IX,39HMAXIMUM PERIOD CORR., HELIO. TO GEO. «
4836c ,F 1 0 .7 , IX,5HMSEC.)
490 TERM1 = E* SIN (OMEGA - ALAMB)
500 TERM2 = (2.*3.14159*(RADE+H)/T -  VDR)*COS(ALAT)*COS(DECL) 
510C W = ANG. RATE OF CHANGE IN GSOLON (RAD/MIN)
520 W = 2 .* 3 .1 4 1 5 9 /(3 6 5 .2 5 6 4 * 2 4 .* 6 0 )
530 PROT = TERM2*PO/C
532 WRITE ("  M,65) PROT
534 65 FORMAT( IX,30HPEAK CORR., GEO. TO APPARENT = ,F 1 0 .7 ,1 X ,
5356c 5HMSEC.)
540 TERM3 = RAMS - RA - XLPAL - 3.14159
550 WRITE (? " ,7 0 ) TERM3
552 70 FORMAT(IX,29HTERM3 (HRANG = TERM3 + UT) = ,F 8 .4 ,1 X ,
7HRADIANS)
560 WRITE ("  " ,8 0 )
562 80 FORMAT(//4X,2HUT,5X,7HCORR. l,5X,7HCORR. 2,5X,7HCORR. 3 ,
56 36c 5X, 7HDELTA P,5X,6HPERIOD//)
570 DO 200 I  = L,M
572 SUT = 0 .
580 UT = 0 .
590 Y = I .
600 SUT = SUT + 2 .*3 .14159*Y*XX/1440•
610 UT = 24 .*SU T /(2 .* 3 .14159)
620 LUT = UT
622 ALUT = LUT
630 XLUT = 0 .
640 XLUT = ALUT*100.
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650 JFKT = XLUT '+ (UT -  ALUT)*60.
660 HRANG = SUT + TERM3
670 DELP1 -  -TERMO * (SIN(GSOLON+XX*W*Y - ALAMB) -  TERM1) 
680 DELP2 « PROT*SIN(HRANG)
690 DELP3 = (UT -  TSUBO)*PRATE 
700 DELP = DELP1 + DELP2 + DELP3 
710 PERIOD = PO + DELP
720 WRITE ("  " ,100 ) JFUT,DELP1,DELP2,DELP3,DELP,PERIOD 
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TIMING UNCERTAINTIES IN THE PULSAR ANALYSIS
1 . In tro d u c t io n
In  t h i s  appendix  a d is c u s s io n  o f  th e  tim in g  e r r o r s  
en co u n te red  in  p erfo rm in g  th e  p re s e n t  a n a ly s is  i s  p re s e n te d .
In  p a r t i c u l a r ,  we w i l l  c o n s id e r  two to p ic s ,  th e  sy n c h ro n iz a ­
t io n  accu racy  re q u ire d  betw een th e  s y n th e s iz e d  p e r io d  s ig n a l  
and th e  p u ls a r  s ig n a l ,  and th e  e r r o r  a s s ig n e d  to  th e  a b s o lu te  
a r r i v a l  tim e o f  a gamma ray  e v e n t. The req u irem en t o f  p r e ­
c i s e  tim in g  in  t h i s  method i s  so  s t r in g e n t  th a t  o v e r ly  la rg e  
sy n c h ro n iz a tio n  e r r o r s  can e a s i l y  ren d e r  th e  r e s u l t s  un­
r e l i a b l e .  The m agnitude o f  th e  u n c e r ta in ty  in  knowledge o f  
a r r i v a l  tim e o f a gamma ray  ev en t d i r e c t l y  a f f e c t s  th e  amount 
o f  tim e d e t a i l  th a t  can  be o b serv ed  in  th e  f i n a l  s u p e rp o s i t io n  
r e s u l t s .  A la rg e  t im e - o f - a r r iv a l  u n c e r ta in ty  im p lie s  v ery  
l i t t l e  tim e r e s o lu t io n ,  w h ile  a sm a ll tim in g  e r r o r  a llo w s one 
to  o b se rv e  f i n e r  d e t a i l  in  th e  p u lse  p r o f i l e s .  F i r s t ,  we 
s h a l l  deve lop  a b a s ic  e q u a tio n  used to  d e te rm in e  th e  syn­
c h ro n iz a t io n  accu racy  needed in  th e  p r e s e n t  a n a ly s i s .  Then, 
tim in g  e r r o r s  w hich c o n t r ib u te  to  th e  u n c e r ta in ty  in  th e  
a b s o lu te  t im e - o f - a r r iv a l  a re  p re s e n te d .
2 . P e rio d  S y n c h ro n iz a tio n  R equirem ents
The superposed  epoch a n a ly s is  method chosen  f o r  th e  
p re s e n t  p u ls a r  se a rc h  has been used by numerous in v e s t ig a to r s  
fo r  a n a ly z in g  p u ls a r  d a ta .  I t  i s  by f a r  th e  m ost o f te n  used 
method f o r  o b se rv in g  th e  p u ls a r  NP 0532 in  th e  o p t i c a l  and
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gamma ray  ban d s . T h is method r e q u ir e s  t h a t  a r t i f i c i a l  syn­
ch ron ism  w ith  th e  p e r io d  o f  th e  o b je c t  must be ach iev ed  and 
m a in ta in ed  to  a  h ig h  d eg ree  o f a ccu racy  d u r in g  th e  d a ta  
in te g r a t io n  tim e . The im portance o f  m a in ta in in g  t h i s  accu ­
r a t e  sy n c h ro n iz a tio n  can  be seen  from th e  fo llo w in g  a rg u ­
m en ts. I f  th e  e r r o r  in  synchronism  i s  g iv en  by (tim e 
e r r o r / p e r i o d ) , and P i s  th e  t r u e  p u ls a r  p e r io d , a t  th e  end 
o f  th e  d a ta  in te g r a t io n  tim e , T , th e re  w i l l  be an a b s o lu te  
tim e phase s h i f t ,  A t, g iv en  by
e T
At = -j£ - . F - l
For exam ple, i f  synchronism  i s  made to  a  p r e c is io n  o f  1 jis 
p e r  33 ms p e r io d , an in te g r a t io n  tim e o f on ly  T = 33 sec  
can  be used  b e fo re  th e  a b s o lu te  phase has d r i f t e d  by ^  1 
ms. For lo n g e r  in te g r a t io n  tim es t h i s  synchronism  m ust be 
m a in ta in ed  to  a  much h ig h e r  a c c u ra c y , o r th e  r e s u l t i n g  phase 
d r i f t i n g  w i l l  c r e a te  a  sm eared r e s u l t .  For th e  p re s e n t  ex ­
p e r im e n t, th e s e  c o n s id e ra t io n s  im ply th e  fo llo w in g  c o n s t r a in t s .  
The d a ta  in te g r a t io n  tim e span u sed  f o r  th e  p re s e n t a n a ly s is  
i s  16,739 sec (from  14h 32m 01s UT u n t i l  19h  l l m 00* UT).
In  o rd e r  to  keep th e  phase d r i f t  $  1 ms o v e r  t h i s  tim e span , 
we f in d  from e q u a tio n  IV-1 th a t  must b e  <  2 n s /p e r io d  
f o r  F = 33 ms. The req u irem en t th a t  th e  t o t a l  phase s h i f t  
be ^  1 ms i s  based  on th e  c a lc u la t io n  o f th e  a b s o lu te  tim e- 
o f - a r r i v a l  e r r o r  g iv en  below . I f  th e  d a ta  were o v e rla y ed  
u s in g  th e  s u p e rp o s i t io n  a n a ly s is  in  one long  16,739 sec  ru n , 
p e r io d  synchronism  would have to  be m a in ta in ed  to  b e t t e r  th an  
2 n s /p e r io d  to  keep th e  a b s o lu te  phase d r i f t  $  1 msec d u rin g  
th e  in te g r a t io n  tim e . T h is r e s o lu t io n  im p lie s  a  r e q u ire d
g
long  te rm  tim e s t a b i l i t y  o f  7 p a r t s  in  10 . In  th e  
p re s e n t  a n a ly s is  t h i s  s t a b i l i t y  was p ro v id ed  by th e  WWV s ig n a l
I.
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reco rd ed  on th e  m agnetic  ta p e s  d u rin g  th e  f l i g h t .  J i t t e r  In  
th e  t r a n s i t  tim es o f  th e  WWV s ig n a ls  to  Texas does low er th e  
b a s ic  tim in g  accu racy  o f  th e  WWV s ig n a l  as  g e n e ra te d  a t  th e  
t r a n s m it t in g  s t a t i o n .  Even s o , th e  lo n g -te rm  s t a b i l i t y  o f 
th e  WWV s ig n a l  as re c e iv e d  In  Texas I s  more th an  s u f f i c i e n t  
to  p ro v id e  th e  n e c e ssa ry  tim in g  a c cu rac y . Note a ls o  th a t  
c a lc u la t io n s  u s in g  e q u a tio n  F - l  were used to  j u s t i f y  th e  
s u b d iv is io n  o f  th e  m u l t l s c a la r  a n a ly s is  In to  32 s h o r t  ru n s , 
and a l s o  used  to  c a lc u l a te  th e  maximum a llo w a b le  le n g th  o f  
each  ru n .
3 . U n c e rta in ty  in  Photon A b so lu te  Time o f  A r r iv a l
The a b s o lu te  a r r i v a l  tim e u n c e r ta in ty  i s  o f  g re a t  
Im portance because  i t s  v a lu e  d e te rm in es  how d e t a i l e d  a tim e 
s tu d y  can be made on th e  d a ta .  In  a d d i t io n ,  i t s  m agnitude 
p u ts  c e r t a in  d es ig n  c o n s t r a in t s  on th e  a n a ly s is  p ro c ed u re .
For exam ple, th e  ch o ice  o f  a 1 m s/b in  ch an n e l advance r a te  
fo r  th e  m u l t l s c a la r  was based  on an e s t im a te  o f  th e  accu racy  
w ith  which an a b s o lu te  a r r i v a l  tim e co u ld  be a s s ig n e d  to  
each  photon e v e n t. In  t h i s  s e c t io n  t h i s  tim in g  accu racy  i s  
c o n s id e re d .
The e r r o r  in  m easuring  th e  a b s o lu te  photon  a r r i v a l  
tim es c o n s is ts  o f  two com ponents, a) a f ix e d  d e la y , and b) 
a v a r ia b le  component (o r  j i t t e r ) .  A f ix e d  tim e d e lay  com­
ponen t m erely  in tro d u c e s  a c o n s ta n t  phase s h i f t  to  a l l  o f  th e  
e v e n ts  and th e r e fo r e  does n o t a f f e c t  th e  p re s e n t  e r r o r  a n a ly ­
s i s .  The fo llo w in g  f a c to r s  c o n t r ib u te  to  thfe v a r ia b le  
tim in g  e r r o r .
1. The v a r ia b le  co n v e rs io n  tim e o f  th e  f l i g h t  p u ls e  
h e ig h t a n a ly z e r
2. The v a r ia b le  d e lay  due to  b u f f e r  s to ra g e  and 
p e r io d ic  d a ta  tra n s m is s io n  r a t e
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3 . The e r r o r s  ex p e rien ced  in  re c o rd in g  th e  80 kHz 
s ig n a l  in  sy n c h ro n iz a tio n  to  th e  WWV s ig n a l  
( in c lu d in g  ta p e  re c o rd e r  speed  f lu c tu a t io n s ) *
The v a r ia b le  d e lay  in  th e  PHA i s  due to  th e  pho ton  
energy dependence o f  th e  p u ls e -h e ig h t  a n a ly s is  tim e. The 
c o n v e rs io n  tim e o f  an  ev en t v a r ie s  from  *  5 ys f o r  an  ev en t 
in  ch an n e l 1 to  M 30 ps f o r  an ev e n t r e q u ir in g  f u l l  s c a le  
c o n v e rs io n  (256 c h a n n e ls ) . T h is i s  t r u e  fo r  co n v e rs io n  on 
b o th  th e  LER and HER ra n g e s . This d e la y  is  much s m a lle r  th an  
th e  o th e r  so u rc e s  o f  tim in g  e r r o r  and was th e r e fo r e  n e g le c te d .
One o f  th e  two m ajor so u rces  o f  e r r o r  i s  th e  v a r ia b le  
d e lay  betw een e n tra n c e  o f an event in to  th e  b u f fe r  and i t s  
tr a n s m is s io n  to  g round . The minimum b u f fe r  d e la y  o ccu rs  when 
an  ev en t i s  loaded  in to  a co m p le te ly  empty b u f f e r  and i s  
im m edia te ly  read  o u t upon reach in g  th e  l a s t  s ta g e .  T h is  d e lay  
i s  ap p ro x im ate ly  15 p s . The maximum d e lay  o f  1 .1  ms o ccu rs  
when th e  e v e n t f i l l s  th e  b u f f e r  and th e r e fo r e  i s  d e lay ed  fo u r  
re ad o u t p e r io d s  (4 x  280 p s /p e r io d  = 1 .1  ms) b e fo re  b e in g  
t r a n s m it te d  to  ground . Any d e lay  betw een th e s e  minimum and 
maximum v a lu e s  i s  a l lo w a b le . This v a r ia b le  d e la y  g iv e s  a 
j i t t e r  in  th e  a r r i v a l  tim e o f  e v e n ts . A measurement o f  th e  
b u f f e r  tim e  d e lay  d i s t r i b u t i o n  i s  d i f f i c u l t ,  b u t i f  we assume 
th e  av e rag e  to  be th e  mean o f  th e  maximum and minimum v a lu es  
( M 0 .5  msec) we can  a s s ig n  a rough tim in g  u n c e r ta in ty  o f  
+ 0 .5  ms maximum to  th e se  b u f f e r  e f f e c t s .  The most p ro b ab le  
e r r o r ,  how ever, i s  more l i k e l y  to  b e  + (0 .2  -  0 .3 )  ms because 
th e  b u f f e r  on ly  becomes f u l l  a sm a ll p e rc e n ta g e  o f th e  tim e .
The second im p o rta n t sou rce  o f  tim ing  u n c e r ta in ty  
w hich a f f e c t s  th e  assignm en t o f an a b s o lu te  a r r i v a l  tim e to  
an  ev en t i s  th e  e r r o r  in  s y n c h ro n iz a tio n  o f th e  80 kHz o s c i l ­
l a t o r  s ig n a l  to  th e  WWV s ig n a l .  Due to  f lu c tu a t io n s  in  WWV 
s ig n a l  t ra n s m is s io n  and ta p e  re c o rd e r  speed f l u c t u a t i o n s ,
5
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th e r e  i s  c o n s id e ra b le  j i t t e r  In  th e  re c o rd in g  o£ th e  WWV 
seconds m ark e rs . When sy n c h ro n iz in g  th e  80 kHz s ig n a l  to  
th e s e  m a rk e rs , s h o r t  term  phase f lu c tu a t io n s  d id  o c c u r , b u t 
e f f o r t s  w ere made to  h o ld  them to  ^  1 .0  ms a t  any g iv en  tim e . 
T h is  p ro c e ss  was hampered by th e  poor WWV s ig n a l  w hich was 
re c o rd e d  on some s e c t io n s  o f  th e  m agnetic  ta p e . On some s e c ­
t io n s  o f  th e  ta p e  th e  phase synchronism  was in  e r r o r  by more 
th a n  +  1 ms. These s e c t io n s  were r e je c te d  f o r  use  in  th e  d a ta  
a n a ly s i s .
I t  i s  im p o rtan t to  r e a l i z e  t h a t  t h i s  s y n c h ro n iz a tio n  
u n c e r ta in ty  o f  + 1 ms maximum i s  ind ep en d en t o f  th e  le n g th  o f  
i n t e r v a l  o v er w hich th e  sy n c h ro n iz a tio n  p ro ce ss  was c a r r ie d  o u t .  
I t  i s  a n o n -accu m u la tiv e  j i t t e r  type  o f  e f f e c t .  Thus th e  ab so ­
l u t e  phase  e r r o r  a t  th e  end o f  10 seconds c o u ld  be <  + 1 ms, 
and a t  th e  end o f  10,000 seconds i t  would s t i l l  be ^  + 1 ms.
B ecause o f  i t s  n o n -accu m u la tiv e  n a tu r e ,  t h i s  s y n c h ro n iz a tio n
4
scheme has poor s h o r t  te rm  s t a b i l i t y  ( ~  1 p a r t  in  10 over a 
te n  second in te r v a l )  b u t very  good long  term  s t a b i l i t y  ( ** 1
7
p a r t  in  2 x 10 f o r  th e  e n t i r e  d a ta  in te g r a t io n  t im e ) . I t  i s  
t h i s  long term  s t a b i l i t y  th a t  i s  a b s o lu te ly  e s s e n t i a l  in  th e  
s u p e rp o s i t io n  method o f  a n a ly s i s .  When th e  reco rd ed  WWV 
s ig n a l  was s t r o n g , sy n c h ro n iz a tio n  co u ld  be m a in ta in e d  to  an 
u n c e r ta in ty  o f  JS 0 .5  ms. T h is  was th e  ca se  fo r  ap p ro x im ate ly  
90% o f th e  d a ta  i n t e r v a l .  O th e rw ise , th e  e r r o r  was > + 0 . 5  
ms b u t always <  + 1 .0  ms.
By com bining th e  above two so u rce s  o f  tim in g  e r r o r ,  
we f in d  th a t  th e  a p p a re n t tim e o f  a r r i v a l  o f  a p h o to n , as 
re co rd e d  on th e  m agnetic  ta p e ,  i s  m easured w ith  + 0 .7  ms 
r e s o lu t io n  w ith  an a b s o lu te  maximum e r r o r  o f  + 2 .1  ms (ob­
ta in e d  by add ing  th e  w o rs t c a se  e r r o r s  o f  each  ty p e ) .
An a d d i t io n a l  tim in g  e r r o r  w hich i s  im p o rtan t i s  th e  
j i t t e r  in  th e  phase  a lig n m en t o f  th e  s t a r t i n g  tim e o f  each
run  to  a p r e c i s e ly  known WWV second m arker. T h is  j i t t e r  does 
n o t d i r e c t l y  a f f e c t  th e  assignm en t o f  an a r r i v a l  tim e to  each  
ev en t on th e  ta p e  and was th e r e fo r e  n o t in c lu d ed  above. But 
i t  does in tro d u c e  a tim in g  u n c e r ta in ty  when th e  32 runs a re  
superposed  to  o b ta in  th e  f i n a l  phase p l o t .  I t s  e f f e c t  i s  to  
sm ear an o th e rw ise  sh a rp  peak ap p earin g  in  th e  d a ta .  A 
m easure o f  t h i s  u n c e r ta in ty  was o b ta in e d  by g e n e ra tin g  a t e s t  
ta p e  w ith  a 2 ms wide s im u la te d  p u ls a r  ty p e  s ig n a l ,  as  shown 
in  F ig u re  F - l .  A 1000-second p o r t io n  o f  t h i s  d a ta  ta p e  was 
th e n  an a ly zed  u s in g  th e  s u p e rp o s i t io n  te ch n iq u e  in  two ways,
1) one long 1000-second run  was made a t  th e  ex ac t s im u la te d  
p u ls a r  f re q u en c y , and 2) th e  d a ta  i n t e r v a l  was su b d iv id ed  
in to  te n  100-sec  long ru n s ,  and each run  made a t  th e  ex a c t 
s im u la te d  p u ls a r  frequency  and su p e rp o sed , u sin g  th e  com puter 
a l ig n in g  program . The r e s u l t s  o f  th e s e  a n a ly se s  a re  shown in  
F ig u re  F-lb and c .  The s u b d iv is io n  in to  s h o r t  runs w ith  th e  
re s y n c h ro n iz a tio n  e r r o r  a t  th e  s t a r t  o f  each  run  has sm eared 
th e  2 ms wide peak  in to  th r e e  o r  fo u r  ch an n e ls  g iv in g  i t  a 
G a u s s ia n - l ik e  shape . From th e  r e s u l t s  o f  s e v e ra l  o f  th e s e  
t e s t  r u n s , t h i s  p a r t i c u l a r  type  o f  tim in g  u n c e r ta in ty  was 
e s tim a te d  to  be + 0 .5  ms maximum. When t h i s  e f f e c t  i s  combined 
w ith  th e  a b s o lu te  a r r i v a l  tim e e r r o r  d is c u s se d  above, we ob­
t a in  a t o t a l  tim e u n c e r ta in ty  o f  + 0 .9  ms.
The b a s ic  phase r e s o lu t io n  o f  th e  m u lt is c a l in g  sweep 
p ro c e ss  used  in  th e  p re s e n t  a n a ly s is  i s  eq u a l to  th e  w id th  o f  
one c h a n n e l. Because o f  th e  + 0 .9  ms a b s o lu te  a r r i v a l  tim e 
r e s o lu t io n ,  a 1 ms ch an n e l w id th  seemed to  p ro v id e  s u f f i c i e n t  
p hase  r e s o lu t io n  f o r  th e  a n a ly s is  and was th e re fo re  chosen as 
th e  b a s ic  ch an n el w id th . In  f a c t ,  s in c e  a + 0 .9  ms j i t t e r  
would te n d  to  sm ear a narrow  peak  ( % 1 ms w ide) in to  two o r 
more c h a n n e ls , th e  f i n a l  phase p lo ts  were o b ta in e d  by adding  
a d ja c e n t  ch an n e ls  in  g roups o f  two. T h is  has th e  e f f e c t  o f
F ig u re  F - l
R e su lts  o f  u s in g  th e  p u ls a r  se a rch  te c h n iq u e  on s im u la t­
ed  p u ls a r  t e s t  ta p e ,  (a) P aram eters  o f  th e  a r t i f i c i a l l y  
g e n e ra te d  p u ls a r  s ig n a l :  a 2 ms wide p u lse  w ith  a s ig n a l -  
to -b ack g ro u n d  r a t i o  o f  S/B 0 .0 5 . The s ig n a l  was 
g e n e ra te d  by g a t in g  in  random p u lse s  f o r  2 ms ev e ry  
33.112300 ms, on to p  o f  a  random background s ig n a l .
(b) Phase d iagram  r e s u l t i n g  from th e  p u ls a r  a n a ly s is  
when one 1000-second m u l t i s c a le r  ru n  o f th e  d a ta  was 
u se d , (c )  Phase d iagram  r e s u l t in g  from  th e  p u ls a r  
a n a ly s is  i f  d a ta  i s  d iv id e d  in to  te n  100-second m u lt i-  
s e a le r  ru n s . Smearing and low ering  o f  th e  peak  am p li­
tu d e  compared to  (b ) i s  due to  e r r o r s  in v o lv ed  in  
sy n c h ro n iz in g  th e  s t a r t  o f  each  m u l t i s c a le r  ru n  to  an 
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improving the counting statistics per channel and increasing 
the chances of seeing a weak pulsar signal. However, this is 
achieved at the expense of losing detail in the information 
about the time profile of the pulsed signal.
In  summary, we can say  th a t  in  o rd e r  to  o p tim ize  th e  
p u ls a r  s e a rc h , th e  p e r io d  sy n c h ro n iz a tio n  must be m a in ta in ed
g
to  a s t a b i l i t y  o f  2 n s /p e r io d  o r  b e t t e r  (7 p a r t s  in  10 ) 
o ver th e  com plete d a ta  i n t e r v a l .  A lso , th e  + 0 .9  ms u n c e r­
t a in ty  in  th e  knowledge o f  th e  a b s o lu te  a r r i v a l  tim e o f  photon 
ev en ts  in d ic a te s  t h a t  we can ex p ec t to  o b ta in  on ly  crude  p u lse  
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